































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































aResidues 1–34 from 362 total. bThe most frequently used constructs are listed. A comprehensive list of 
constructs with their DNA sequences is given in Supplementary Text S4.1-S4.10. () refer to the numbers in Text 
S4.1-S4.10. 	
  As	
  we	
   intended	
   to	
  use	
   the	
  expression	
  system	
  also	
   for	
   isotope	
   labeling,	
  expression	
  was	
  carried	
  out	
   in	
  M9	
  minimal	
  medium	
   supplemented	
  with	
   Hutner’s	
   trace	
   elements[58].	
   To	
   neutralize	
   the	
  codon	
  bias	
  in	
  some	
  of	
  the	
  constructs	
  we	
  used	
  Rosetta	
  2	
  (DE3)	
  cells	
  carrying	
  the	
  pRARE	
  plasmid	
  encoding	
  for	
  rare	
  tRNAs.	
  	
  	
  
	
   Chapter	
  4	
  –	
  Characterization	
  of	
  CCR5	
   	
  	
  
	
   68	
  
	
  GPCR	
   overexpression	
   was	
   assayed	
   by	
   western	
   blot	
   for	
   each	
   of	
   the	
   cloned	
   constructs.	
   The	
  expression	
   in	
   pET-­‐22b	
   and	
   pQE-­‐T7	
   vectors,	
   which	
   provide	
   no	
   or	
   only	
   a	
   very	
   small	
   fusion	
  partner,	
  was	
  clearly	
  lower	
  than	
  in	
  the	
  others.	
  This	
  suggests	
  that	
  CCR5	
  expression	
  yield	
  benefits	
  from	
  the	
  N-­‐terminal	
  fusion	
  partner.	
  However,	
  the	
  type	
  of	
  the	
  fusion	
  partner	
  seems	
  of	
  much	
  less	
  importance	
   than	
   expected	
   (Table	
   4.1).	
   Therefore,	
   shortly	
   after	
   the	
   preliminary	
   screening,	
   the	
  work	
  was	
  restricted	
  to	
  the	
  TrxA-­‐CCR5	
  fusion	
  construct,	
  which	
  was	
  selected	
  because	
  of	
   its	
  high	
  yield,	
   purity	
   and	
   convenience	
   of	
   separation,	
   and	
   since	
   it	
   can	
   be	
   directly	
   compared	
   to	
   the	
  analogous	
   expression	
   system	
   for	
   chemokine	
   receptors	
   developed	
   by	
   Ren	
   et	
   al.[37].	
   For	
   every	
  tested	
  fusion	
  construct,	
  the	
  yield	
  was	
  significantly	
  higher	
  at	
  20	
  °C	
  than	
  at	
  37	
  °C	
  (Figure	
  4.1a/b).	
  A	
  further	
  decrease	
  of	
  the	
  temperature	
  to	
  12	
  °C	
  or	
  a	
  decrease	
  of	
  IPTG	
  concentration	
  from	
  1	
  mM	
  to	
  0.1	
  mM	
  resulted	
  in	
  a	
  lower	
  yield	
  (data	
  not	
  shown).	
  The	
  highest	
  yield	
  was	
  achieved	
  at	
  20	
  °C	
  at	
  24–48	
  h	
  after	
  induction	
  (Figure	
  4.1a–d).	
  	
  	
  
	
  	
  
Figure	
  4.1	
  Summary	
  of	
  the	
  expression	
  and	
  purification	
  of	
  various	
  CCR5	
  constructs	
  in	
  E.	
  coli	
  monitored	
  
by	
  western	
  blot	
  and	
  SDS-­PAGE.	
  Comparison	
  of	
  the	
  expression	
  of	
  longer	
  (1–319)	
  and	
  shorter	
  (1–306)	
  versions	
  of	
  OmpF34-­‐m2CCR5	
  (a)	
  and	
  Mistic-­‐m2CCR5	
  (b)	
  constructs	
  at	
  20	
  °C	
  and	
  37	
  °C.	
  CCR2b	
  constructs	
  are	
  used	
  as	
  a	
  positive	
   control.	
   (c)	
   Comparison	
   of	
   the	
   expression	
   of	
   various	
   Cys	
   mutants	
   of	
   TrxA-­‐CCR5306.	
   (d)	
   Expression,	
  membrane	
  preparation	
  and	
  binding	
  to	
  Ni–NTA	
  of	
  TrxA-­‐m11CCR5306.	
  Broken	
  E.	
  coli	
  cells	
  expressing	
  CCR5	
  were	
  centrifuged	
   to	
  remove	
  cell	
  debris.	
  The	
  remaining	
  suspension	
  (tot)	
  was	
  subsequently	
  separated	
   into	
   insoluble	
  membrane	
  (ins)	
  and	
  soluble	
  cytoplasmic	
  (sol)	
  fractions.	
  CCR5	
  was	
  found	
  in	
  the	
  membrane	
  fraction	
  (ins)	
  but	
  not	
  in	
   the	
   cytoplasmic	
   fraction	
   (sol).	
   Solubilized	
   membranes	
   (inp)	
   were	
   loaded	
   on	
   Ni–NTA.	
   (e)	
   Purification	
   of	
  m11TrxA-­‐CCR5306.	
  After	
  elution	
  from	
  Ni–NTA	
  oligomerized	
  m11TrxA-­‐CCR5306	
  was	
  dialyzed	
  and	
  digested	
  with	
  thrombin.	
  	
  	
  	
  
	
   Chapter	
  4	
  –	
  Characterization	
  of	
  CCR5	
   	
  	
  
	
   69	
  
	
  	
  For	
   further	
  optimization	
  of	
   the	
  protein	
  construct,	
   it	
  was	
   important	
   to	
  anticipate	
   the	
  sequence-­‐specific	
  position	
  of	
  the	
  secondary	
  structure	
  elements.	
  Initially,	
  the	
  constructs	
  were	
  based	
  on	
  the	
  two-­‐dimensional	
   topology	
  predicted	
  by	
  Oppermann[59].	
  However,	
   after	
   the	
   crystal	
   structure	
  of	
  CXCR4[15]	
  became	
  available,	
  we	
  generated	
  a	
  homology	
  model	
  based	
  on	
  the	
  latter	
  structure	
  and	
  the	
   C-­‐terminal	
   helix	
   H8	
   of	
   rhodopsin[55]	
   using	
   state-­‐of-­‐the-­‐art	
   molecular	
   dynamics	
   energy	
  minimization	
  in	
  explicit	
  solvent	
  of	
  CCR5	
  embedded	
  in	
  a	
  lipid	
  bilayer.	
  The	
  result	
  of	
  the	
  simulation	
  is	
   shown	
   as	
   a	
   full	
   structural	
   model	
   in	
   figure	
   4.2	
   and	
   the	
   subsequently	
   derived	
   secondary	
  structure	
  topology	
  in	
  figure	
  4.3a.	
  	
   	
  	
  	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
Figure	
   4.2	
   Modeled	
   3D	
   structure	
   of	
   CCR5	
   (residues	
   1-­
331)	
   based	
   on	
   the	
   CXCR4	
   structure.	
   Sulfation	
   of	
   Tyr10	
  and	
   Tyr14	
   as	
   well	
   as	
   palmitylated	
   Cys321,	
   Cys323	
   and	
  Cys324	
  are	
  depicted	
  as	
  spheres.	
  	
  	
  Anticipating	
   problems	
   with	
   the	
   formation	
   of	
   intermolecular	
   disulphide	
   bridges	
   we	
   have	
  systematically	
  tested	
  the	
  role	
  of	
  all	
  12	
  cysteines	
  by	
  the	
  truncation	
  of	
  the	
  cysteine-­‐containing	
  C-­‐terminus	
   (after	
  N306	
   or	
  R319)	
   and	
   site-­‐directed	
  mutagenesis	
   of	
   the	
   remaining	
   9	
   cysteines	
   in	
  other	
   regions.	
   In	
   these	
   regions,	
   solvent-­‐exposed	
   cysteines	
   were	
   mutated	
   to	
   serines,	
   whereas	
  cysteines	
  in	
  the	
  TM	
  domains	
  were	
  replaced	
  by	
  alanines.	
  The	
  locations	
  of	
  the	
  respective	
  residues	
  are	
  highlighted	
  in	
  figures	
  4.2/4.3a,	
  and	
  the	
  naming	
  convention	
  of	
  the	
  various	
  mutants	
  is	
  listed	
  in	
  figure	
  4.3b.	
  	
  The	
   expression	
   of	
   these	
   cloned	
   constructs	
  was	
  monitored	
   by	
  western	
   blotting	
   against	
  the	
   C-­‐terminal	
   His-­‐tag.	
   The	
   signal	
   from	
   the	
   shorter	
   (1–306)	
   OmpF34-­‐m2CCR5306	
   and	
   Mistic-­‐m2CCR5306	
   constructs	
   was	
   stronger	
   than	
   from	
   the	
   longer	
   (1–319)	
   OmpF34-­‐m2CCR5319	
   and	
  Mistic-­‐m2CCR5319	
   constructs	
   (Figure	
   4.1a/b).	
   From	
   this	
   observation,	
   we	
   concluded	
   that	
   the	
  shorter	
   constructs	
   were	
   either	
   expressing	
   better	
   or	
   were	
   more	
   resistant	
   to	
   C-­‐terminal	
  degradation.	
   Therefore,	
   further	
   work	
   was	
   limited	
   to	
   the	
   shorter	
   (1–306)	
   CCR5	
   constructs	
  (CCR5306).	
  Within	
  the	
  latter,	
  a	
  negative	
  correlation	
  exists	
  between	
  the	
  expression	
  yield	
  and	
  the	
  number	
   of	
   cysteine	
   residues	
   (Figure	
   4.1c).	
   Thus,	
   TrxA-­‐m2CCR5306	
   construct	
   containing	
   7	
  cysteines	
   (Figure	
   4.3b)	
   expressed	
  worse	
   than	
  TrxA-­‐m7CCR5306	
   (4	
   Cys)	
   or	
   TrxA-­‐m6CCR5306	
   (3	
  Cys),	
  and	
  much	
  worse	
  than	
  TrxA-­‐m9CCR5306	
  (0	
  Cys).	
  
	
   Chapter	
  4	
  –	
  Characterization	
  of	
  CCR5	
   	
  	
  
	
   70	
  
	
  	
  
Figure	
  4.3.	
  CCR5	
  topology	
  and	
  engineered	
  mutations.	
  (a)	
  Membrane	
  topology	
  prediction	
  of	
  the	
  human	
  CCR5	
  according	
   to	
   the	
   CXCR4	
   homology	
   model	
   (Figure	
  4.2).	
   The	
   grey	
   rectangle	
   approximates	
   the	
   position	
   of	
   the	
  membrane.	
  EC	
  (IC)	
  space	
  is	
  at	
  the	
  top	
  (bottom).	
  The	
  potential	
  posttranslational	
  modifications	
  include	
  sulfation	
  of	
   Y3,	
   Y10,	
   Y14	
   and	
   Y15,	
   phosphorylation	
   of	
   S336,	
   S337,	
   S342	
   and	
   S349	
   (both	
   marked	
   as	
   black	
   circles),	
  palmitoylation	
  of	
  C321,	
  C323	
  and	
  C324	
  as	
  well	
   as	
   glycosylation	
  of	
   S6.	
  The	
  positions	
  of	
  mutated	
   residues	
  are	
  highlighted	
  (C	
   in	
  blue,	
  other	
   in	
  green).	
  C-­‐terminal	
  truncations	
  are	
  marked	
  with	
  red	
  circles	
  and	
  potential	
  helix	
  H8	
  with	
  dashed	
  lines.	
  Disulphide	
  bridges	
  form	
  between	
  C20	
  and	
  C269	
  and	
  between	
  C101	
  and	
  C178.	
  (b)	
  Table	
  summarizing	
  the	
  introduced	
  point	
  mutations	
  of	
  the	
  listed	
  CCR5	
  mutants.	
  	
  
4.4.2	
  Detergent	
  screening	
  	
  A	
  good	
  detergent	
  for	
  membrane	
  protein	
  studies	
  should	
  be	
  able	
  to	
  solubilize	
  the	
  protein,	
  keep	
  it	
  stable	
   and	
   functional	
   in	
   solution	
   as	
   well	
   as	
   allow	
   structural	
   studies.	
   In	
   order	
   to	
   explore	
   the	
  possible	
   detergent	
   space,	
  we	
   performed	
   a	
   systematic	
   screen	
   by	
   solubilizing	
  E.	
   coli	
  membrane	
  fractions	
   in	
  various	
  detergents	
  at	
  2	
  %	
  (w/v)	
  concentration.	
  After	
  removal	
  of	
   the	
  unsolubilized	
  material,	
   the	
  clarified	
  solutions	
  were	
  dried	
  on	
  a	
  nitrocellulose	
  membrane	
  and	
  analyzed	
  by	
  dot	
  blot	
  using	
  an	
  anti-­‐His	
  antibody.	
  The	
  chemiluminescent	
  signal	
  was	
  quantified	
  densitometrically	
  and	
   normalized	
   to	
   the	
   maximum	
   value	
   (Figure	
   4.4a).	
   The	
   results	
   indicate	
   that	
   OmpF34-­‐m7CCR5306	
  was	
   efficiently	
   solubilized	
   by	
   anionic	
   (sodium	
  dodecanoyl	
   sarcosine	
   and	
   SDS)	
   and	
  zwitterionic	
  detergents	
  (FosCholines	
  and	
  dimethyl	
  glycines)	
  with	
  aliphatic	
  chains.	
  The	
  cationic	
  trimethylammonium	
  chlorides	
  and	
  the	
  zwitterionic	
  Anzergents	
  were	
  intermediate	
  to	
  moderate	
  in	
   their	
   solubilization	
   efficiency.	
  Nonionic	
   detergents	
   (maltosides	
   and	
  Anapoes)	
   turned	
   out	
   to	
  solubilize	
  OmpF34-­‐m7CCR5306	
  extremely	
  poorly	
  with	
  the	
  single	
  exception	
  of	
  tetradecylmaltoside,	
  which	
  solubilized	
  about	
  a	
  third	
  as	
  much	
  as	
  FosCholines.	
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Figure	
  4.4	
  Detergent	
  screening	
  for	
  solubilization	
  of	
  OmpF34-­m7CCR5306	
  expressed	
  in	
  E.	
  coli	
  (a)	
  and	
  wild-­
type	
  CCR5	
  expressed	
  in	
  Sf21	
  cells	
  (b).	
  Values	
  were	
  normalized	
  against	
  FC-­‐16.	
  DHPC,	
  DiMetPhOx-­‐10,	
  n-­‐decyl-­‐N,N-­‐dimethylamine-­‐N-­‐oxide;	
   TriMetAmm-­‐10,	
   N-­‐dodecyltrimethylammonium	
   chloride;	
   Sarcosine-­‐12,	
   sodium	
  dodecanoyl	
  sarcosine;	
  DiMetPhOx-­‐8,	
  dimethyloctylphosphine	
  oxide;	
  HESO-­‐8,	
  N-­‐octyl-­‐2-­‐hydroxyethyl	
  sulfoxide;	
  Maltoside-­‐6,	
  n-­‐hexyl-­‐β-­‐d-­‐maltopyranoside.	
  	
  These	
  results	
  on	
  E.	
  coli	
  OmpF34-­‐m7CCR5306	
  are	
  similar	
  to	
  a	
  solubility	
  screen	
  carried	
  out	
  on	
  wild-­‐type	
  CCR5	
  expressed	
  in	
  Sf21	
  cells	
  (Figure	
  4.4b).	
  Analogous	
  to	
  E.	
  coli	
  CCR5,	
  the	
  insect	
  cell	
  protein	
  was	
   efficiently	
   solubilized	
   by	
   sodium	
   dodecanoyl	
   sarcosine,	
   SDS	
   and	
   FosCholines.	
   Dimethyl	
  glycines,	
   Anzergents	
   and	
   trimethylammonium	
   chlorides	
   solubilized	
   relatively	
   worse	
   and	
  maltosides	
  somewhat	
  better,	
  but	
  still	
  not	
  very	
  efficiently.	
  Due	
  to	
  its	
  relatively	
  mild	
  character	
  and	
  lipid-­‐like	
  headgroup	
  we	
  picked	
  FC-­‐12	
  as	
  the	
  main	
  working	
  detergent.	
  Even	
  though	
  FosCholines	
  with	
   longer	
   hydrocarbon	
   tails	
   performed	
   better,	
   they	
   are	
  much	
   less	
   suitable	
   for	
   NMR	
   due	
   to	
  their	
  high	
  aggregation	
  number	
  and	
  lower	
  solubility.	
  	
  
4.4.3	
  Protein	
  purification	
  and	
  identity	
  confirmation	
  	
  Considering	
  a	
  broad	
  scope	
  of	
  applications	
  we	
  sought	
  to	
  establish	
  a	
  simple,	
  robust	
  and	
  efficient	
  purification	
  scheme.	
  Fractionation	
  by	
  centrifugation	
  of	
  the	
  disrupted	
  E.	
  coli	
  cells	
  showed	
  that	
  the	
  expressed	
   TrxA-­‐m11CCR5306	
  was	
   only	
   present	
   in	
   the	
  membrane	
   fraction	
   and	
   the	
   heavier	
   cell	
  debris	
   fraction,	
   but	
   not	
   in	
   the	
   soluble,	
   cytosplasmic	
   fraction	
   (Figure	
   4.1d).	
   The	
   isolated	
  membrane	
  fraction	
  was	
  readily	
  solubilizable	
  by	
  a	
  number	
  of	
  detergents	
  (see	
  detergent	
  screening	
  section).	
  Similarly,	
  the	
  receptor	
  could	
  also	
  be	
  solubilized	
  from	
  the	
  cell	
  debris.	
  However,	
  for	
  most	
  applications	
  only	
  the	
  preparation	
  from	
  the	
  lighter	
  fraction	
  was	
  used.	
  	
  The	
   solubilized	
   TrxA-­‐m11CCR5306	
  was	
   purified	
   in	
   FC-­‐12	
   using	
  Ni–NTA	
   chromatography	
  resulting	
  in	
  up	
  to	
  10	
  mg	
  of	
  ~90	
  %	
  pure	
  (as	
  estimated	
  from	
  SDS-­‐PAGE)	
  receptor	
  per	
  1	
  L	
  of	
  E.	
  coli	
  culture	
   (Figure	
   4.1d/e).	
   Interestingly,	
   purification	
   by	
   Ni–NTA	
   triggered	
   TrxA-­‐m11CCR5306	
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oligomerization	
  on	
  SDS-­‐PAGE,	
  which	
  was	
  reversible	
  by	
  dialysis	
  (Figure	
  4.1e).	
  The	
  fusion	
  partner	
  was	
  cleavable	
  with	
  thrombin	
  (Figure	
  4.1e).	
  Other	
  proteases	
  were	
  also	
  tested	
  (data	
  not	
  shown)	
  including	
  TEV	
  and	
  3C	
  protease	
  with	
  no	
  (TEV)	
  or	
  partial	
  success	
  (3C).	
  	
  Trials	
   to	
   solubilize	
   the	
   receptor	
   in	
   maltosides	
   failed	
   (data	
   not	
   shown).	
   Some	
   TrxA-­‐m11CCR5306	
   could	
   be	
   purified	
   in	
   tetradecylmaltoside	
   but	
   precipitated	
   within	
   few	
   hours	
   after	
  elution	
  from	
  the	
  Ni–NTA	
  column.	
  TrxA-­‐m11CCR5306	
  solubilized	
  in	
  FC-­‐12	
  followed	
  by	
  a	
  detergent	
  exchange	
  to	
  dodecylmaltoside	
  on	
  Ni–NTA	
  also	
  resulted	
  in	
  nearly	
  complete	
  protein	
  precipitation.	
  The	
  purified,	
  cleaved	
  m11CCR5306	
  migrated	
  on	
  SDS-­‐PAGE	
  as	
  a	
  mixture	
  of	
  partially	
  stable	
  dimers	
  at	
   apparent	
   MW	
   of	
   ~50	
   kDa	
   and	
   monomers	
   at	
   ~30	
   kDa	
   (Figure	
   4.1e).	
   Both	
   MW	
   values	
   are	
  smaller	
  than	
  expected.	
  This	
  phenomenon	
  is	
  common	
  for	
  membrane	
  proteins	
  and	
  can	
  be	
  caused	
  by	
  incomplete	
  unfolding	
  by	
  SDS	
  and/or	
  by	
  a	
  larger	
  relative	
  amount	
  of	
  SDS	
  bound	
  as	
  compared	
  to	
  the	
  soluble	
  protein	
  standard.	
  Besides	
  monomers	
  and	
  dimers	
  also	
  higher	
  order	
  oligomers	
  were	
  often	
  observed	
  (Figure	
  4.1e),	
  especially	
  after	
  protein	
  concentration.	
  Discrete	
  and	
  sharp	
  bands	
  of	
  CCR5	
   monomer	
   and	
   oligomers	
   on	
   the	
   SDS-­‐PAGE	
   suggest	
   that	
   the	
   primary	
   structure	
   of	
   the	
  protein	
  is	
  maintained	
  (Figures	
  4.1e	
  and	
  S4.1).	
  The	
  identity	
  and	
  integrity	
  of	
  the	
  C-­‐terminus	
  of	
  the	
  expressed	
  constructs	
  were	
  confirmed	
  by	
  anti-­‐His	
  antibody	
  western	
  blotting	
  (Figure	
  4.1a–d).	
  To	
  further	
   confirm	
   the	
   protein	
   identity,	
   trypsinized	
   TrxA-­‐m7CCR5306	
   and	
  Mistic-­‐m7CCR5306	
  were	
  analyzed	
  by	
  mass	
  spectrometry.	
  We	
  were	
  able	
  to	
  identify	
  large	
  stretches	
  of	
  fusion	
  partners	
  and	
  the	
  N-­‐terminal	
  fragment	
  of	
  the	
  receptor	
  in	
  both	
  monomer	
  and	
  oligomer	
  (Figure	
  S4.1).	
  Peptides	
  from	
   TM	
   domains	
   were	
   not	
   detectable,	
   which	
   suggests	
   that	
   the	
   CCR5	
   core	
   was	
   resistant	
   to	
  proteolysis.	
  	
  
4.4.4	
   Characterization	
   of	
   CCR5	
   size	
   distribution,	
   stability	
   and	
  
homogeneity	
  	
  It	
  is	
  commonly	
  observed	
  that	
  GPCRs	
  form	
  homo-­‐	
  and	
  heterodimers	
  as	
  well	
  as	
  higher	
  oligomeric	
  structures.	
   For	
   both	
  E.	
   coli	
   (Figure	
   4.1)	
   and	
   insect	
   cell	
   expressed	
  CCR5[36],	
   besides	
  monomers	
  also	
  oligomers	
  are	
  detected	
  on	
  SDS	
  gels.	
  The	
  biological	
  relevance	
  of	
  GPCR	
  oligomerization	
  is	
  not	
  clear.	
   Since	
   this	
   heterogeneity	
   also	
   presents	
   a	
   problem	
   for	
   structural	
   studies,	
   the	
   question	
   of	
  oligomerization	
   was	
   further	
   investigated	
   under	
   non-­‐reducing	
   conditions	
   using	
   size	
   exclusion	
  chromatography.	
   After	
   Ni–NTA	
   purification	
   and	
   digestion	
   by	
   thrombin,	
   cleaved	
   TrxA-­‐m11CCR5306	
  was	
  concentrated	
  and	
  injected	
  onto	
  a	
  Superdex	
  200	
  column.	
  The	
  receptor	
  migrated	
  as	
  a	
  mixture	
  of	
  monomers,	
  dimers	
  and	
  higher	
  order	
  oligomers	
  (Figure	
  4.5a).	
  This	
  observation	
  is	
  consistent	
  with	
  the	
  results	
  of	
  the	
  SDS-­‐PAGE	
  (Figure	
  4.1e).	
  Good	
  protein	
  separation	
  was	
  achieved	
  on	
  a	
  60	
  cm	
  long	
  size	
  exclusion	
  column.	
  According	
  to	
  a	
  column	
  calibration	
  with	
  standard	
  soluble	
  proteins,	
  the	
  monomer	
  and	
  dimer	
  peaks	
  migrated	
  similarly	
  to	
  particles	
  of	
  about	
  95	
  ±	
  3	
  (SD)	
  kDa	
  and	
  184	
  ±	
  9	
  kDa	
  MW,	
  respectively	
  (N	
  =	
  7).	
  This	
  suggests	
  that	
  the	
  monomeric	
  (dimeric)	
  protein	
  micelle	
   contains	
   ~165	
   (~313)	
   FC-­‐12	
   molecules.	
   The	
   ratio	
   of	
   monomer	
   and	
   dimer	
   micelles	
  depended	
   on	
   the	
   stringency	
   of	
   Ni–NTA	
   washing	
   conditions,	
   since	
   higher	
   imidazole	
  concentrations	
  depleted	
  the	
  monomeric	
  fraction	
  (data	
  not	
  shown).	
  Apparently,	
  this	
  is	
  due	
  to	
  the	
  weaker	
  binding	
  of	
  monomers	
  to	
  Ni–NTA.	
  Relative	
  to	
  the	
  monomers	
  and	
  dimers,	
  the	
  fraction	
  of	
  higher	
  order	
  oligomers	
  was	
  much	
  smaller.	
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Figure	
   4.5	
  Monomers	
   and	
   dimers	
   of	
  m7CCR5306	
   and	
  m11CCR5306.	
   (a)	
   Size	
   exclusion	
   chromatography	
   of	
  m11CCR5306	
  on	
  a	
  Superdex	
  200	
  HiLoad	
  26/60	
  column.	
  The	
  60	
  cm	
  long	
  column	
  enables	
  isolation	
  of	
  monomers	
  and	
  dimers.	
   (b)	
  Stability	
   test	
  of	
  m7CCR5306	
  monomers	
  and	
  dimers.	
  To	
  prevent	
  Cys	
  oxidation	
  1	
  mM	
  TCEP	
  was	
  included.	
  Purified	
  monomers	
  and	
  dimers	
  were	
  concentrated	
  separately	
   to	
  ~40	
  μM	
  and	
  re-­‐run	
  on	
  a	
  Superdex	
  200	
   10/300	
   GL	
   column.	
   For	
   easier	
   comparison	
   all	
   six	
   chromatograms	
   were	
   scaled	
   to	
   one.	
   Negative	
   stain	
  pictures	
  of	
  m7CCR5306	
  monomers	
  (c)	
  and	
  dimers	
  (d).	
  	
  In	
  order	
  to	
  assay	
  the	
  influence	
  of	
  disulphide	
  formation	
  on	
  the	
  quality	
  of	
  the	
  preparation,	
  several	
  different	
  cysteine	
  containing	
  CCR5306	
  mutants	
  were	
  compared	
  to	
  the	
  cysteine-­‐free	
  mutant	
  under	
  non-­‐reducing	
   conditions	
   by	
   size	
   exclusion	
   chromatography	
   (Figure	
   4.6).	
   The	
   number	
   of	
  cysteines	
   clearly	
   correlates	
   with	
   enhanced	
   oligomerization.	
   The	
   m2CCR5306	
   mutant	
   (7	
   Cys)	
  formed	
  the	
  most	
  oligomers,	
  whereas	
  m6CCR5306	
  (3	
  Cys)	
  and	
  m7CCR5306	
  (4	
  Cys)	
  mutants	
  were	
  less	
  oligomerized.	
  Interestingly,	
  the	
  effect	
  of	
  EC	
  Cys	
  mutations	
  (m6CCR5306)	
  seems	
  similar	
  to	
  the	
  effect	
  of	
  TM	
  Cys	
  mutations	
  (m7CCR5306),	
  which	
  suggests	
  that	
  both	
  EC	
  and	
  TM	
  Cys	
  may	
  mediate	
  disulphide	
  bond	
   formation.	
  The	
  higher	
  oligomer	
   formation	
  of	
   the	
   cysteine-­‐containing	
  mutants	
  could	
   be	
   suppressed	
   by	
   the	
   addition	
   of	
   a	
   reducing	
   agent	
   (Figure	
   S4.2).	
   Mutation	
   of	
   all	
   Cys	
  residues	
   (m9CCR5306	
   and	
  m11CCR5306)	
   resulted	
   in	
   a	
   significant	
   reduction	
   of	
   oligomerization,	
  essentially	
   rendering	
   most	
   of	
   the	
   protein	
   monomeric	
   or	
   dimeric.	
   Hence,	
   it	
   is	
   likely	
   that	
   the	
  remaining	
   dimers	
   and	
   the	
   residual	
   higher	
   oligomers	
   are	
   stabilized	
   by	
   non-­‐disulphide	
  interactions,	
  presumably	
  between	
  the	
  TM	
  domains.	
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Figure	
  4.6	
   Size	
   exclusion	
   chromatography	
   of	
   various	
  
CCR5306	
   mutants	
   demonstrates	
   the	
   impact	
   of	
   Cys	
  
residues	
  on	
  the	
  oligomeric	
  state	
  of	
  the	
  purified	
  receptor.	
  No	
   observable	
   difference	
   between	
   m9CCR5306	
   and	
  m11CCR5306	
   suggests	
   that	
   I52V	
   and	
   V150A	
   mutations	
   are	
  not	
  involved	
  in	
  CCR5	
  dimerization.	
  	
  As	
  non-­‐dimerizing	
  CCR5	
  would	
  be	
  of	
  advantage	
  for	
  structural	
  studies,	
  following	
  the	
  findings	
  by	
  Hernanz-­‐Falcon	
  et	
  al.	
  that	
  point	
  mutations	
  I52V	
  and	
  V150A	
  strongly	
  reduce	
  dimer	
  formation	
  in	
  HEK-­‐293	
  cells[47],	
  we	
  tested	
  these	
  mutations	
  in	
  the	
  m9CCR5306	
  mutant,	
  which	
  does	
  not	
  contain	
  cysteines	
   that	
   could	
   lead	
   to	
   intermolecular	
   disulphide	
   bridges.	
   In	
   contrast	
   to	
   the	
   in	
   vivo	
  findings[47],	
  these	
  mutations	
  did	
  not	
  reduce	
  the	
  dimerization	
  propensity	
  of	
  the	
  receptor	
  (Figure	
  4.6).	
   To	
   assess	
   the	
   stability	
   of	
   m7CCR5306	
   monomer	
   and	
   dimer	
   preparations	
   under	
   reducing	
  conditions,	
  both	
  fractions	
  were	
  concentrated	
  to	
  ~40	
  µM	
  and	
  incubated	
  for	
  5	
  days	
  at	
  RT.	
  After	
  2	
  days	
  of	
  incubation,	
  almost	
  no	
  change	
  in	
  the	
  size	
  distribution	
  was	
  detected,	
  whereas	
  after	
  5	
  days	
  only	
   a	
   small	
   fraction	
   of	
  monomers	
   interconverted	
   to	
   dimers	
   and	
   some	
   of	
   dimers	
   fell	
   apart	
   to	
  monomers	
   or	
   formed	
   higher	
   order	
   oligomers	
   (Figure	
   4.5b).	
  We	
   tested	
   a	
  maximum	
  monomer	
  m7CCR5306	
   concentration	
   of	
   137	
  µM,	
  which	
   also	
   did	
   not	
   show	
   any	
   significant	
   oligomerization	
  after	
   4	
   days	
   of	
   incubation.	
   Thus	
   on	
   the	
   time	
   scale	
   of	
   several	
   days,	
   both	
  monomer	
   and	
   dimer	
  preparations	
  are	
  very	
  stable.	
  The	
  homogeneity	
  of	
   the	
  monomeric	
  and	
  dimeric	
  m7CCR5306	
  was	
  confirmed	
  by	
  negative	
  stain	
  TEM.	
  Monomeric	
  (Figure	
  4.5c)	
  and	
  dimeric	
  (Figure	
  4.5d)	
  particles	
  had	
  average	
  diameters	
  of	
  ∼6.6	
  and	
  ∼8.3	
  nm,	
  respectively.	
  	
  
4.4.5	
  Characterization	
  of	
  CCR5	
  secondary	
  structure	
  
	
  The	
  secondary	
  structure	
  content	
  of	
  several	
  m7CCR5306	
  monomer	
  preparations	
  was	
  assessed	
  by	
  CD.	
   For	
   all	
   studied	
   constructs	
   we	
   observed	
   double	
   minima	
   at	
   about	
   208	
   and	
   222	
   nm	
  characteristic	
   for	
   α-­‐helical	
   proteins	
   (Figure	
   4.7).	
   The	
   helical	
   content	
   derived	
   from	
   the	
   mean	
  residue	
  molar	
   ellipticity	
  ΘMRM,222	
   nm	
   for	
   Mistic-­‐m7CCR5306	
   (46	
  %)	
   was	
   slightly	
   larger	
   than	
   for	
  OmpF34-­‐m7CCR5306	
  (43	
  %)	
  and	
  TrxA-­‐m7CCR5306	
  (42	
  %).	
  This	
  can	
  be	
  explained	
  by	
  the	
  fact	
  that	
  Mistic	
  is	
  a	
  purely	
  helical	
  bundle	
  and	
  increases	
  the	
  ΘMRM	
  of	
  the	
  whole	
  fusion	
  construct.	
  This	
  is	
  not	
  the	
  case	
  for	
  the	
  other	
  fusion	
  constructs,	
  where	
  the	
  fusion	
  partners	
  contribute	
  much	
  less	
  to	
  ΘMRM	
  due	
  to	
  their	
  mixed	
  α/β	
  (TrxA-­‐m7CCR5306)	
  or	
  likely	
  β	
  secondary	
  structure	
  (OmpF34-­‐m7CCR5306).	
  The	
  42	
  %	
  α-­‐helical	
  content	
  of	
  TrxA-­‐m7CCR5306	
  is	
  similar	
  to	
  the	
  value	
  of	
  ~40	
  %	
  obtained	
  by	
  Ren	
  et	
   al.	
   for	
   the	
   thioredoxin-­‐CCR3	
   fusion	
   construct[37].	
   For	
   the	
  m7CCR5306	
  monomer,	
   that	
   is	
   after	
  removal	
   of	
   the	
   fusion	
   partner	
   from	
   TrxA-­‐m7CCR5306,	
   the	
   CD	
   signal	
   was	
   the	
   strongest	
   and	
  indicated	
   an	
  α-­‐helical	
   content	
   of	
   52	
  %.	
   This	
   is	
   in	
   a	
   good	
   agreement	
   with	
   the	
   ~50	
  %	
   helical	
  content	
  of	
  a	
  typical	
  GPCR[39].	
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Figure	
  4.7	
   CD	
   spectra	
   of	
   OmpF34-­m7CCR5306,	
  
Mistic-­m7CCR5306	
   and	
   TrxA-­m7CCR5306	
   fusion	
  
constructs	
   and	
   of	
   m7CCR5306	
   (cleaved	
   receptor	
  without	
   fusion	
   partner)	
   normalized	
   to	
   the	
   protein	
  concentration.	
   The	
   data	
   was	
   recorded	
   on	
   3–13	
   μM	
  samples	
   in	
   20	
   Na2HPO4	
   pH	
   7.4,	
   180	
  mM	
   NaCl,	
   0.1	
  %	
  FC-­‐12	
   at	
   20	
  °C	
   on	
   the	
   monomeric	
   receptor	
   fractions	
  isolated	
   on	
   SEC.	
   Each	
   spectrum	
   shows	
   characteristic	
  features	
  of	
  α-­‐helical	
  secondary	
  structure.	
  	
  	
  To	
   assess	
   the	
   thermal	
   stability	
   of	
   the	
   CCR5	
   preparation,	
   the	
   CD	
   spectrum	
  of	
   TrxA-­‐m7CCR5306	
  was	
  followed	
  over	
  the	
  range	
  from	
  5	
  to	
  95	
  °C	
  in	
  5	
  °C	
  increments	
  (Figure	
  S4.3a).	
  With	
  increasing	
  temperature	
  the	
  spectrum	
  lost	
  amplitude	
  and	
   its	
  characteristic	
  double	
  minima.	
  Decreasing	
  the	
  temperature	
   from	
   95	
   °C	
   back	
   to	
   5	
   °C	
   did	
   not	
   restore	
   the	
   initial	
   shape	
   and	
   intensity,	
   which	
  indicates	
   that	
   denaturation	
   was	
   irreversible.	
   The	
   plot	
   of	
   the	
   ellipticity	
   at	
   222	
   nm	
   against	
  temperature	
  (Figure	
  S4.3b)	
  shows	
  a	
  very	
  broad	
  thermal	
  transition	
  between	
  20	
  and	
  80	
  °C.	
  Low	
  thermal	
   stability	
   is	
   commonly	
   observed	
   for	
   GPCRs.	
   In	
   the	
   present	
   case,	
   this	
   problem	
  may	
   be	
  aggravated	
   by	
   a	
   non-­‐optimal	
   membrane-­‐mimicking	
   detergent	
   system,	
   which	
   lacks	
   important	
  lipids	
  and	
   the	
   rigidity	
  of	
   the	
   two-­‐dimensional	
  membrane,	
   as	
  well	
   as	
   the	
  absence	
  of	
   stabilizing	
  ligands.	
  
	
  
4.4.6	
  Functional	
  studies	
  on	
  CCR5	
  
	
  Due	
  to	
  the	
  numerous	
  differences	
  in	
  the	
  expression	
  machinery	
  and	
  the	
  cellular	
  environment,	
  the	
  production	
  of	
  functional	
  GPCRs	
  in	
  heterologous	
  systems	
  is	
  very	
  challenging.	
  To	
  prove	
  the	
  proper	
  folding	
  and	
  the	
  functionality	
  of	
  our	
  CCR5	
  preparation,	
  we	
  tested	
  binding	
  of	
  several	
  ligands	
  to	
  the	
  receptor	
  using	
  SPR.	
  High	
  sensitivity,	
  automation	
  and	
  high-­‐throughput	
  makes	
  this	
  method	
  widely	
  used	
   in	
   the	
   GPCR	
   field	
   for	
   screening	
   ligands[60],	
   solubilization[61]	
   and	
   crystallization[62]	
  conditions.	
  For	
  the	
  SPR	
  experiments,	
  the	
  receptor	
  was	
  solubilized	
  in	
  a	
  DDM/CHAPS/CHS/DOPC	
  mixture	
   since	
   a	
   similar	
   detergent/lipid	
   composition	
   was	
   demonstrated	
   to	
   give	
   best	
   ligand	
  binding	
   activity	
   for	
   CCR5	
   and	
   CXCR4[61]	
   as	
   opposed	
   to	
   FC-­‐12	
   where	
   little	
   binding	
   could	
   be	
  detected.	
  	
  
	
  
Figure	
  4.8	
  	
  SPR	
  binding	
  assay	
  of	
  m7CCR5306	
  (cyan)	
  
and	
   m11CCR5306	
   (other	
   colors)	
   solubilized	
   in	
   a	
  
DDM/CHAPS/CHS/DOPC	
   mixture.	
   The	
   graph	
  contains	
   four	
   overlaid	
   independent	
   runs,	
   normalized	
  to	
  the	
  amount	
  of	
  immobilized	
  receptor	
  and	
  plotted	
  to	
  the	
  same	
  scale.	
  Each	
  run	
  is	
  composed	
  of	
  three	
  phases	
  separated	
   by	
   the	
   dashed	
   lines:	
   equilibration,	
   binding	
  and	
   dissociation.	
   Data	
   were	
   fitted	
   to	
   a	
   simple	
   1:1	
  binding	
   model	
   including	
   a	
   correction	
   term	
   for	
   mass	
  transport	
  (red).	
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The	
  protein	
  was	
  immobilized	
  on	
  the	
  sensorchip	
  via	
  an	
  anti-­‐His-­‐tag	
  antibody.	
  Subsequently,	
  TrxA	
  was	
  cut	
  off	
  from	
  the	
  N-­‐terminus	
  of	
  the	
  receptor	
  by	
  an	
  injection	
  of	
  thrombin.	
  As	
  monitored	
  by	
  the	
  decrease	
   of	
   the	
   SPR	
   signal,	
   the	
   cleavage	
   efficiency	
   was	
   estimated	
   to	
   be	
   typically	
   about	
   70	
  %	
  (Figure	
  S4.4).	
  Binding	
  was	
  assayed	
  for	
  the	
  CCR5	
  chemokine	
  ligands	
  RANTES	
  and	
  MIP-­‐1β	
  as	
  well	
  as	
  for	
  the	
  conformation-­‐dependent	
  antibody	
  2D7	
  (Figure	
  4.8),	
  which	
  recognizes	
  several	
  residues	
  from	
  the	
  second	
  EC	
  loop[63].	
  	
  Each	
  ligand	
  showed	
  fast	
  binding	
  and	
  slow	
  dissociation	
  reactions.	
  KD	
  values	
  obtained	
  from	
  fitted	
  kon	
  and	
  koff	
  rates	
  were	
  all	
  in	
  the	
  nanomolar	
  range.	
  m7CCR5306	
  bound	
  RANTES	
  with	
  a	
  KD	
  of	
  1.6	
   nM.	
   m11CCR5306,	
   in	
   which	
   cysteines	
   involved	
   in	
   disulphide	
   bridge	
   formation	
   are	
   absent,	
  showed	
  a	
   two-­‐fold	
  decreased	
  affinity	
   (KD	
  =	
  3.1	
  nM)	
  and	
  a	
   three-­‐fold	
  decrease	
  of	
   the	
   response	
  amplitude.	
  MIP-­‐1β	
  and	
  2D7	
  bound	
  with	
  71	
  nM	
  and	
  2.8	
  nM	
  affinity,	
  respectively.	
  For	
  comparison,	
  an	
   identical	
   experiment	
  was	
   performed	
  with	
   the	
  wild-­‐type	
   CCR5	
   expressed	
   in	
   Sf21	
   cells.	
   The	
  obtained	
  KD	
  values	
   for	
  RANTES,	
  MIP-­‐1β,	
  2D7	
  binding	
  are	
  2.6,	
  200,	
  and	
  0.1	
  nM,	
   respectively.	
  A	
  summary	
  of	
  the	
  performed	
  experiments	
  can	
  be	
  found	
  in	
  table	
  S4.1.	
  Considering	
  the	
  differences	
  in	
   the	
   protein	
   constructs,	
   the	
   KD	
   values	
   for	
   E.	
   coli	
   and	
   insect	
   cell	
   expressed	
   CCR5	
   are	
   in	
  reasonable	
   agreement.	
   However,	
   when	
   refractive	
   index	
   amplitudes	
   for	
   ligand	
   binding	
   are	
  normalized	
  to	
  the	
  refractive	
  index	
  amplitudes	
  of	
  bound	
  CCR5	
  (Table	
  S4.1),	
  it	
  is	
  evident	
  that	
  the	
  amount	
  of	
  bound	
  RANTES	
  and	
  MIP-­‐1β	
  is	
  about	
  2–3	
  fold	
  and	
  of	
  2D7	
  about	
  15	
  fold	
  reduced	
  for	
  E.	
  
coli	
   m11CCR5306.	
   We	
   attribute	
   this	
   reduction	
   to	
   the	
   lack	
   of	
   closed	
   disulphide	
   bridges	
   at	
   the	
  extracellular	
  side	
  and	
  the	
  missing	
  tyrosine	
  sulfation	
  in	
  E.	
  coli,	
  which	
  is	
  important	
  for	
  chemokine	
  binding[64].	
  	
  
4.4.7	
  NMR	
  studies	
  of	
  CCR5	
  	
  As	
  opposed	
   to	
   crystal	
   structures,	
  which	
  provide	
   frozen	
   snapshots	
  of	
  GPCR	
   structures,	
  NMR	
   in	
  principle	
  can	
  give	
  simultaneous	
  access	
  to	
  protein	
  structure,	
  dynamics	
  and	
  interactions.	
  Thus,	
  it	
  emerges	
  as	
  a	
  promising	
  method	
  to	
  rationalize	
  GPCRs’	
   function.	
  However,	
  due	
  to	
  the	
  numerous	
  challenges	
   in	
   the	
   sample	
   preparation,	
   the	
   success	
   of	
   NMR	
   studies	
   on	
   GPCRs	
   has	
   been	
   very	
  limited	
  so	
   far.	
  To	
  make	
  our	
  system	
  suitable	
   for	
  NMR,	
   the	
  expression	
  optimization	
  was	
  carried	
  out	
   directly	
   in	
   minimal	
   medium.	
   In	
   this	
   way	
   isotope	
   labeling	
   does	
   not	
   compromise	
   the	
   final	
  yield,	
  which	
  for	
  detergent-­‐solubilized,	
  cleaved,	
  monomeric	
  m11CCR5306	
  was	
  2	
  mg	
  per	
  1L	
  of	
  cell	
  culture	
   in	
   triply	
   isotope-­‐labeled	
   (2H/15N/13C)	
   minimal	
   medium.	
   For	
   NMR	
   measurements,	
  samples	
  were	
  prepared	
  from	
  monomeric	
  CCR5	
  fractions	
  of	
  the	
  m11CCR5306	
  mutant.	
  To	
  estimate	
  the	
  quality	
  of	
  the	
  preparation,	
  1H-­‐15N	
  correlation	
  spectra	
  were	
  recorded	
  (Figures	
  4.9	
  and	
  S4.5).	
  To	
  optimize	
  spectral	
  quality,	
  a	
  variation	
  of	
  salt	
  (0–180	
  mM	
  NaCl),	
  pH	
  (4.2–7.4)	
  and	
  temperature	
  (5–35	
  °C)	
  was	
  carried	
  out.	
  Optimal	
  conditions	
  were	
  found	
  at	
  20	
  °C,	
  0	
  mM	
  NaCl	
  and	
  pH	
  4.2.	
  Under	
  these	
   conditions,	
   the	
   spectra	
   did	
   not	
   change	
   over	
   a	
   period	
   of	
   few	
   months.	
   An	
   increase	
   in	
  temperature	
   to	
   35	
   °C	
   gave	
   only	
   marginal	
   improvement	
   (data	
   not	
   shown).	
   However,	
   it	
   had	
   a	
  destabilizing	
   effect	
   on	
   the	
   protein	
   and	
   caused	
   a	
   decrease	
   of	
   the	
   NMR	
   signal	
   over	
   time.	
   The	
  spectrum	
   of	
   m11CCR5306	
   under	
   optimal	
   conditions	
   (Figure	
   4.9a)	
   has	
   a	
   narrow	
   dispersion,	
  characteristic	
   for	
   an	
  α-­‐helical	
   protein.	
   It	
   contains	
   on	
   the	
   order	
   of	
   60–80	
   intense	
   and	
   narrow	
  resonances	
   that	
  presumably	
   correspond	
   to	
   flexible	
  backbone	
  amides	
   in	
   the	
  N-­‐	
   and	
  C-­‐terminal	
  tails	
  and	
  the	
   interhelical	
   loops.	
  Furthermore,	
  a	
  background	
  of	
  many	
  more	
  broad	
  resonances	
   is	
  observed	
   that	
   most	
   likely	
   correspond	
   to	
   protein	
   core	
   residues.	
   The	
   line	
   broadening	
   in	
   this	
  region	
  may	
  be	
  related	
  to	
   intermediate	
  conformational	
  exchange	
  and/or	
  to	
  the	
  large	
  size	
  of	
  the	
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protein/detergent	
  micelle.	
  An	
  attempt	
  was	
  made	
  to	
  assign	
  at	
   least	
  some	
  of	
  the	
  better-­‐resolved	
  backbone	
   resonances	
   by	
   three-­‐dimensional	
   triple	
   resonance	
   TROSY	
  HNCO,	
   HN(CA)CO,	
   HNCA,	
  HN(CO)CA,	
  and	
  HNCACB	
  experiments[53].	
  	
  
	
  
Figure	
  4.9	
   (a)	
   1H-­‐15N	
   TROSY	
   spectrum	
   of	
   112	
   μM	
   monomeric	
   2H/15N-­‐labeled	
   m11CCR5306	
   (5	
  mM	
   sodium	
  acetate	
   pH	
   4.2,	
   5	
  %	
   D2O,	
   ~3	
  %	
   FC-­‐12)	
   recorded	
   at	
   20	
  °C	
   on	
   an	
   800	
  MHz	
   spectrometer	
   equipped	
   with	
   a	
  cryoprobe	
  with	
  a	
  total	
  experimental	
  time	
  of	
  18	
  h.	
  Assigned	
  resonances	
  are	
  labeled.	
  (b)	
  Secondary	
  13Cα,	
  13C′	
  and	
  13Cβ	
  shifts	
  for	
  residues	
  in	
  the	
  CCR5	
  sequence,	
  for	
  which	
  backbone	
  assignments	
  could	
  be	
  established.	
  	
  Due	
   to	
   the	
   low	
   signal	
   to	
   noise	
   ratio,	
   unambiguous	
   assignments	
   could	
   only	
   be	
   achieved	
   for	
   21	
  residues	
  within	
  the	
  CCR5	
  amino	
  acid	
  sequence.	
  These	
  are	
  located	
  at	
  the	
  N-­‐terminus	
  (M1-­‐S7),	
  in	
  the	
   loop	
  between	
  helix	
  6	
  and	
  7	
  (F264-­‐S270),	
   in	
  helix	
  7	
  (L285-­‐T288)	
  as	
  well	
  as	
   in	
   the	
  putative	
  helix	
  8	
  (V300-­‐E302).	
  The	
  secondary	
  13Cα,	
  13C′	
  and	
  13Cβ	
  shifts	
  for	
  these	
  residues	
  are	
  indicated	
  in	
  figure	
   4.9b.	
   It	
   is	
   obvious	
   that	
   most	
   residues	
   have	
   close	
   to	
   random	
   coil	
   shifts	
   consistent	
   with	
  higher	
   flexibility	
   and	
   concomitant	
   higher	
   resonance	
   intensity.	
   However,	
   residues	
   L285-­‐T288	
  show	
  moderately	
  positive	
  (~1–2	
  ppm)	
  and	
  residues	
  V300-­‐	
  E302	
  larger	
  positive	
  (~2–3	
  ppm)	
  13Cα	
  and	
  13C′	
  secondary	
  shifts,	
  which	
  are	
  consistent	
  with	
  a	
  helical	
  structure.	
  Since	
  besides	
  the	
  flexible	
  N-­‐terminus	
   only	
   residues	
   in	
   the	
   region	
   of	
   helix	
   7	
   had	
   a	
   high	
   enough	
   signal	
   to	
   noise	
   ratio	
   for	
  assignment,	
  one	
  may	
  speculate	
   that	
   the	
  region	
  of	
  helix	
  7	
  displays	
   increased	
   flexibility	
  or	
  more	
  generally	
   a	
   different	
   time	
   scale	
   of	
   motional	
   averaging.	
   However,	
   due	
   to	
   the	
   highly	
   limited	
  assignment,	
  this	
  statement	
  should	
  be	
  considered	
  as	
  very	
  preliminary.	
  	
  	
  
4.5	
  Discussion	
  
	
  Due	
  to	
  its	
  involvement	
  in	
  HIV-­‐1	
  infection,	
  CCR5	
  is	
  a	
  major	
  target	
  for	
  structural	
  biology	
  and	
  the	
  pharmaceutical	
  industry.	
  Despite	
  that	
  expression	
  and	
  purification	
  schemes	
  have	
  been	
  described	
  for	
  numerous	
  GPCRs,	
   there	
   is	
  a	
   lack	
  of	
  an	
  efficient	
   isotope	
   labeling	
  platform	
  for	
  CCR5.	
  1	
  mg/L	
  expression	
   of	
   CCR5	
   was	
   reported	
   in	
   insect	
   cells[36]	
   where	
   screening	
   for	
   mutants	
   is	
   time-­‐consuming	
  and	
  isotope	
  labeling	
  very	
  costly.	
  On	
  the	
  other	
  hand,	
  so	
  far	
  no	
  high-­‐yield	
  expression	
  in	
  isotope-­‐labeled	
   form	
   has	
   been	
   reported	
   for	
   CCR5	
   in	
   E.	
   coli	
   where	
   these	
   limitations	
   are	
   not	
  present[37].	
   Our	
   goal	
   was	
   to	
   develop	
   methods	
   that	
   allow	
   structural	
   and	
   biophysical	
  characterization	
   in	
   particular	
   by	
   NMR	
   for	
   CCR5	
   and	
   potentially	
   other	
   GPCRs.	
   Here,	
   we	
   have	
  achieved	
   large	
   overexpression	
   of	
   CCR5	
   by	
   fusing	
   small	
   stable	
   protein	
   domains	
   or	
   signal	
  sequences	
  to	
  its	
  N-­‐terminus.	
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As	
   the	
   induction	
  of	
  CCR5	
  expression	
  essentially	
  arrested	
  E.	
  coli	
  growth,	
   increasing	
  cell	
  density	
  proved	
   to	
  be	
  a	
  successful	
   strategy	
   to	
  maximize	
   the	
  yield.	
  The	
  highest	
   receptor	
  overexpression	
  was	
   observed	
   24–48	
   h	
   post	
   induction	
   at	
   OD600≈3.	
   The	
   induction	
   at	
   earlier	
   or	
   later	
   phase	
   of	
  growth	
  resulted	
  in	
  lower	
  yields.	
  Temperature	
  had	
  a	
  dramatic	
  effect	
  on	
  the	
  expression	
  level	
  with	
  the	
  optimum	
  ~20	
  °C.	
  Variation	
  of	
   the	
  CCR5	
  sequence	
  also	
   influenced	
   the	
   final	
  yield.	
  Thus,	
   the	
  expression	
  of	
   the	
   longer	
  CCR5	
  constructs	
   (1–319)	
   seemed	
  much	
   lower	
   than	
   the	
  expression	
  of	
  the	
  shorter	
  ones	
  (1–306).	
  The	
  number	
  of	
  cysteines	
  in	
  the	
  CCR5	
  sequence	
  correlated	
  negatively	
  with	
   the	
   expression	
   level.	
  When	
  all	
   9	
  Cys	
   residues	
  were	
  mutated	
   (TrxA-­‐m9CCR5306	
   and	
  TrxA-­‐m11CCR5306),	
  the	
  yield	
  was	
  highest,	
  while	
  it	
  was	
  lowest	
  for	
  TrxA-­‐m2CCR5306	
  (2	
  IC	
  Cys	
  mutated),	
  i.e.	
  ~1/3	
  of	
  TrxA-­‐m11CCR5306.	
  	
  A	
  detergent	
  screen	
  revealed	
   that	
  charged	
  detergents,	
  especially	
  anionic	
  and	
  zwitterionic	
  were	
  very	
  efficient	
  in	
  OmpF34-­‐m7CCR5306	
  solubilization.	
  Nonionic	
  detergents,	
  with	
  the	
  exception	
  of	
  tetradecylmaltoside,	
  which	
  solubilized	
  about	
  ~1/3	
  of	
  available	
  receptor,	
  worked	
  very	
  poorly.	
  A	
   very	
   similar	
   solubility	
   pattern	
   was	
   observed	
   for	
   the	
   wild-­‐type	
   CCR5	
   receptor	
   expressed	
   in	
  insect	
   cells,	
   i.e.	
   there	
   is	
   good	
   solubility	
   in	
   charged	
   detergents	
   and	
   low	
   solubility	
   in	
   nonionic	
  detergents.	
  In	
  addition,	
  exchange	
  trials	
  from	
  FC-­‐12	
  to	
  maltoside	
  consistently	
  failed	
  for	
  material	
  from	
   both	
   expression	
   systems.	
   These	
   observations	
   suggest	
   that	
   the	
   poor	
   CCR5	
   solubility	
   in	
  maltoside	
   detergents,	
   which	
   are	
  widely	
   used	
   in	
   GPCR	
   research,	
   is	
   not	
   unique	
   to	
   the	
   receptor	
  expressed	
   in	
  E.	
   coli	
   and	
   therefore	
   rather	
   a	
   consequence	
   of	
   the	
   receptor’s	
   low	
   stability	
   than	
   a	
  problem	
  specific	
  to	
  the	
  bacterial	
  expression.	
  In	
  this	
  respect	
  it	
  should	
  be	
  noted	
  that	
  the	
  homology	
  to	
  other	
  chemokine	
  receptors	
  like	
  CXCR4	
  and	
  CXCR1,	
  which	
  have	
  more	
  favorable	
  solubilization	
  properties,	
  is	
  not	
  very	
  high,	
  i.e.	
  about	
  30	
  %.	
  In	
  particular,	
  larger	
  differences	
  exist	
  at	
  the	
  CCR5	
  C-­‐terminus,	
  which	
  harbors	
  3	
  cysteine	
  palmitoylation	
  sites	
  not	
  present	
  in	
  CXCR1	
  and	
  CXCR4.	
  	
  The	
   detergent	
   screening	
   results	
   are	
   in	
   agreement	
   with	
   previous	
   screens	
   proposing	
  FosCholines	
  as	
  promising	
  candidates	
  for	
  CCR5	
  solubilization[37].	
  Unfortunately,	
  a	
  good	
  surfactant	
  for	
  solubilization	
   is	
  not	
  always	
  also	
  well	
  suited	
   for	
  other	
  purposes.	
  For	
  some	
  applications,	
   like	
  the	
  SPR	
  functional	
  assay,	
  other	
  detergents	
  or	
  detergent/lipid	
  mixtures	
  provide	
  better	
  receptor	
  activity[60].	
   Thus	
   the	
   search	
   for	
   an	
   optimal	
   detergent	
   system	
   or	
   efficient	
   detergent	
   exchange	
  protocols	
  is	
  still	
  ongoing	
  in	
  our	
  laboratory.	
  	
  Protein	
  oligomerization	
   can	
   severely	
  decrease	
  homogeneity	
  of	
   a	
   sample	
  and	
   in	
   this	
  way	
  compromise	
   the	
  quality	
  of	
  a	
   sample	
   for	
  structural	
   studies.	
   In	
   the	
  case	
  of	
  CCR5	
  expressed	
   in	
  E.	
  
coli,	
   the	
   Cys	
   residues,	
   besides	
   affecting	
   the	
   yield,	
   also	
   mediate	
   oligomerization.	
   Using	
   size	
  exclusion	
  chromatography	
  we	
  have	
  shown	
   that	
   the	
  number	
  of	
   cysteines	
   in	
  CCR5306	
   constructs	
  correlates	
   with	
   the	
   amount	
   of	
   oligomerized	
   protein	
   (Figure	
   4.6).	
   The	
   fact	
   that	
   Cys-­‐mediated	
  oligomerization	
  was	
  also	
  observed	
  in	
  the	
  case	
  of	
  m7CCR5306,	
  for	
  which	
  all	
  but	
  the	
  EC	
  Cys	
  were	
  mutated,	
  may	
  suggest	
  that	
  in	
  our	
  system,	
  at	
  least	
  to	
  some	
  extent,	
  EC	
  disulphide	
  bridges	
  are	
  not	
  properly	
  formed.	
  On	
  the	
  other	
  hand,	
  the	
  oligomerization	
  of	
  m6CCR5306,	
  for	
  which	
  all	
  but	
  the	
  TM	
  cysteines	
  C213,	
  C290,	
  C291	
  were	
  mutated,	
   implies	
  that	
  also	
  TM	
  Cys	
  residues	
  are	
  reactive.	
  This	
  observation	
   is	
   consistent	
   with	
   the	
   homology	
   model	
   (Figure	
   4.2),	
   where	
   C213	
   and	
   C291	
   are	
  located	
  on	
  the	
  surface	
  of	
  the	
  CCR5	
  core	
  and	
  accessible	
  for	
  intermolecular	
  disulphide	
  formation.	
  When	
  not	
  jeopardized	
  by	
  intermolecular	
  disulphide	
  bridge	
  formation,	
  CCR5	
  forms	
  a	
  mixture	
  of	
  monomers,	
  dimers	
  and	
  higher	
  order	
  oligomers.	
  Due	
  to	
  their	
  high	
  stability,	
  dimers	
  and	
  oligomers	
  are	
   also	
   visible	
   on	
   SDS-­‐PAGE.	
   Both	
   monomeric	
   and	
   dimeric	
   species	
   can	
   be	
   separated,	
  concentrated	
   and	
   studied	
   separately.	
   The	
   interconversion	
   between	
   monomers	
   and	
   dimers	
  occurs	
  after	
   few	
  days	
  and	
  goes	
  both	
  possible	
  directions.	
  As	
   judged	
  by	
  TEM,	
  both	
   fractions	
  are	
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homogenous	
  and	
  monodisperse	
  with	
  a	
  clear	
  difference	
   in	
  size.	
  Based	
  on	
  the	
  retention	
  volume,	
  the	
   size	
   of	
   monomers	
   and	
   dimers	
   was	
   estimated	
   to	
   be	
   95	
   ±	
   3	
   (SD)	
   kDa	
   and	
   184	
   ±	
   9	
   kDa,	
  respectively	
  (N=7).	
  Based	
  on	
  computer	
  modeling	
  followed	
  by	
  the	
  crosslinking	
  of	
  CCR5-­‐transfected	
  cells	
  it	
  was	
  proposed	
   that	
   two	
   point	
   mutations	
   together	
   I52V	
   and	
   V150A	
   yield	
   a	
   nonsignaling,	
   non-­‐dimerizing	
  mutant	
  of	
  CCR5[47].	
   Such	
  a	
  non-­‐dimerizing	
  CCR5	
  mutant	
  would	
  be	
  highly	
  desirable	
  for	
  NMR	
  studies.	
  Unfortunately,	
   the	
   I52V	
  and	
  V150A	
  mutants	
  (m7CCR5306	
  or	
  m11CCR5306)	
  did	
  not	
  exhibit	
  significantly	
  smaller	
  propensity	
  for	
  dimerization	
  in	
  comparison	
  to	
  the	
  non-­‐mutated	
  forms	
   of	
   CCR5	
   (Fig.	
   4.6).	
   This	
   is	
   in	
   line	
   with	
   results	
   of	
   co-­‐immuno-­‐precipitation	
   and	
   BRET	
  experiments[65]	
   that	
   contradict	
   the	
   impairment	
   of	
   CCR5	
   dimerization	
   for	
   these	
   mutants.	
   The	
  involvement	
   of	
   these	
   two	
   residues	
   in	
   dimerization	
   is	
   further	
   challenged	
   by	
   the	
   recently	
  published	
  CXCR4	
  structure,	
  which	
  shows	
  dimer	
   interactions	
  at	
  unrelated	
  surfaces	
  by	
  helices	
  V	
  and	
  VI	
  (CXCR4	
  bound	
  to	
  IT1t)	
  or	
  by	
  the	
  intracellular	
  ends	
  of	
  helices	
  III	
  and	
  IV	
  (CXCR4	
  bound	
  to	
  CVX15)[20].	
  	
  Due	
   to	
   its	
   robustness,	
   polyhistidine-­‐tag	
   chromatography	
   is	
   widely	
   used	
   as	
   a	
   first	
  purification	
  step.	
  Using	
  a	
  10His-­‐tag	
  we	
  achieved	
  strong	
  binding	
  and	
  could	
  apply	
  more	
  rigorous	
  washing	
   conditions	
  without	
   compromising	
   the	
   final	
   yield.	
  This	
   resulted	
   in	
  ~10	
  mg	
  of	
  purified	
  TrxA-­‐m11CCR5306	
   from	
   1	
   L	
   of	
   E.	
   coli	
   culture.	
   This	
   is	
   a	
   considerable	
   improvement	
   over	
   the	
  previously	
  described	
  system,	
  where	
  ~0.3	
  mg	
  of	
  Trx-­‐hCCR5	
  per	
  L	
  was	
  reported[37].	
  Importantly,	
  this	
  yield	
  is	
  not	
  compromised	
  when	
  isotope	
  labeling	
  including	
  D2O	
  is	
  applied,	
  which	
  makes	
  our	
  system	
  fully	
  suitable	
  for	
  NMR	
  studies.	
  Out	
  of	
  10	
  mg	
  of	
  TrxA-­‐m11CCR5306	
  oligomeric	
  mixture	
  it	
  is	
  possible	
  to	
  isolate	
  2	
  mg	
  of	
  cleaved	
  monomeric	
  m11CCR5306.	
  	
  The	
   quality	
   of	
   our	
   preparations	
   was	
   assessed	
   by	
   CD,	
   where	
   all	
   m7CCR5306	
   constructs	
  showed	
   the	
   characteristic	
   features	
   of	
   an	
   α-­‐helical	
   secondary	
   structure.	
   NMR	
   supports	
   this	
  observation	
  as	
  the	
  HSQC	
  spectrum	
  of	
  m11CCR5306	
  exhibits,	
  typical	
  for	
  α-­‐helical	
  proteins,	
  rather	
  narrow	
  peak	
   dispersion	
   (~2	
  ppm).	
   Based	
   on	
   the	
   circular	
   dichroism	
  data,	
  we	
   estimate	
   that	
  α-­‐helices	
   constitute	
   ~52	
   %	
   of	
   the	
   sequence	
   of	
   m7CCR5306	
   monomer	
   which	
   suggests	
   that	
   the	
  receptor	
  produced	
  with	
  our	
  method	
  has	
  a	
  correct	
  secondary	
  structure.	
  The	
  CD	
  data	
  indicate	
  that	
  the	
  thermal	
  stability	
  of	
  CCR5	
  is	
  not	
  very	
  high.	
  Some	
  secondary	
  structure	
  is	
  already	
  lost	
  at	
  5	
  °C	
  but,	
  as	
  the	
  amplitude	
  of	
  these	
  changes	
  is	
  relatively	
  small,	
  it	
  is	
  difficult	
  to	
  judge	
  their	
  consequence	
  on	
  CCR5	
  structure	
  and	
  activity.	
  Low	
  thermal	
  stability	
  can	
  be	
  explained	
  by	
  several	
  factors,	
  most	
  importantly	
   suboptimal	
   detergent	
   system,	
   lack	
   of	
   important	
   lipids,	
   absence	
   of	
   a	
   ligand,	
  	
  	
  	
  	
  	
  	
  	
  	
  nano-­‐/antibody	
  or	
  a	
  small	
  molecule	
  drug,	
  that	
  would	
  stabilize	
  CCR5.	
  	
  The	
  quality	
  of	
  the	
  protein	
  preparation	
  was	
  further	
  validated	
  by	
  an	
  SPR	
  interaction	
  assay.	
  We	
  observed	
  nanomolar	
  binding	
  of	
  RANTES	
  to	
  m7CCR5306	
  (KD	
  =	
  1.6	
  nM)	
  and	
  m11CCR5306	
  (3.1	
  nM)	
  and	
  of	
  MIP-­‐1β	
  to	
  m11CCR5306	
  (70	
  nM).	
  These	
  affinities	
  are	
  comparable	
  to	
  affinities	
  of	
  insect	
  cell	
  expressed	
  CCR5	
  and	
  within	
  one	
  order	
  of	
  magnitude	
   to	
  values	
  observed	
   in	
  cellular	
  binding	
  assays	
  (RANTES	
  0.38	
  nM,	
  MIP-­‐1β	
  7.2	
  nM)[64].	
  The	
  observed	
  affinities	
  may	
  be	
  affected	
  by	
  the	
  lack	
  of	
   posttranslational	
  modifications	
   (tyrosine	
   sulfation)	
   in	
  E.	
   coli,	
   which	
   increase	
   the	
   affinity	
   of	
  CCR5	
  for	
  chemokines	
   [64].	
  Furthermore,	
  compared	
  to	
  m7CCR5306	
  RANTES	
  affinity	
   is	
  weaker	
  for	
  m11CCR5306,	
   which	
   lacks	
   the	
   extracellular	
   cysteines.	
   This	
   is	
   consistent	
   with	
   the	
   reported	
  importance	
  of	
  the	
  extracellular	
  disulphide	
  bridges	
  for	
  chemokine	
  binding[66].	
  	
  High-­‐affinity	
   (2.8	
   nM)	
   binding	
   of	
   m11CCR5306	
   was	
   also	
   observed	
   for	
   the	
   2D7	
   antibody,	
  which	
   is	
   commonly	
   used	
   as	
   a	
   native	
   conformation	
   probe.	
   Nevertheless,	
   this	
   affinity	
   is	
  considerably	
   lower	
   than	
   for	
   the	
   insect	
   cell	
   CCR5	
   (0.1	
   nM).	
   In	
   addition,	
   the	
   refractive	
   signal	
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amplitudes	
  (Table	
  S4.1)	
  also	
  suggest	
  that	
  the	
  amount	
  of	
  bound	
  ligand	
  relative	
  to	
  m11CCR5306	
  is	
  about	
  2–3	
  times	
  smaller	
  for	
  chemokines	
  and	
  about	
  15	
  times	
  smaller	
  for	
  2D7.	
  Again	
  the	
  lack	
  of	
  tyrosine	
  sulfation	
  and	
  extracellular	
  disulphide	
  bridges	
  may	
  be	
  the	
  reason	
  for	
  this	
  finding.	
  Thus,	
  further	
   efforts	
   are	
   necessary	
   to	
   obtain	
   higher	
   activity,	
   e.g.	
   by	
   proper	
   refolding	
   of	
   disulphide	
  bridges	
  under	
  controlled	
  conditions.	
  	
  Due	
   to	
   the	
   substantial	
   challenges	
   in	
   the	
   preparation	
   of	
   isotope	
   labeled	
   samples,	
   NMR	
  spectra	
   of	
   GPCRs	
   are	
   very	
   sparse	
   in	
   the	
   literature.	
   Therefore,	
   only	
   few	
   HSQC	
   spectra	
   of	
   15N	
  labeled	
   GPCRs	
   have	
   been	
   reported,	
   including	
   the	
   vasopressin	
   V2	
   receptor[67],	
   bovine	
  rhodopsin[68],	
  and	
  the	
  chemokine	
  CXCR1	
  receptor[69].	
  	
  Here,	
   we	
   present	
   a	
   spectrum	
   of	
   uniformly	
   15N-­‐labeled	
   m11CCR5306.	
   Our	
   initial	
   HSQC	
  spectrum	
  had	
   low	
  dispersion	
  and	
  very	
  broad	
   lines	
  besides	
   for	
  a	
  number	
  of	
  apparently	
  mobile	
  terminal	
  or	
  loop	
  residues.	
  Similar	
  observations	
  have	
  been	
  made	
  for	
  other	
  GPCRs[67-­69].	
  However,	
  the	
  quality	
  of	
  the	
  m11CCR5306	
  spectrum	
  could	
  be	
  improved	
  by	
  a	
  decrease	
  of	
  the	
  pH	
  from	
  7.4	
  to	
  4.2	
  and	
  the	
  removal	
  of	
  salt,	
  which	
  reduced	
  hydrogen	
  exchange	
  and	
  increased	
  the	
  sensitivity	
  of	
  the	
  measurement.	
  Unfortunately,	
  even	
  with	
  these	
  improvements	
  the	
  quality	
  of	
  the	
  spectra	
  is	
  still	
  not	
   sufficient	
   for	
   structural	
   analysis	
   and	
   needs	
   further	
   improvement	
   but	
   presents	
   a	
   starting	
  point	
   in	
   the	
   NMR	
   investigation	
   of	
   CCR5.	
   Obviously,	
   the	
   key	
   bottleneck	
   is	
   the	
   severe	
   line	
  broadening,	
  which	
  may	
  be	
  the	
  result	
  of	
  conformational	
  heterogeneity	
  of	
  the	
  TM	
  domains	
  and/or	
  chemical	
   exchange	
   on	
   an	
   intermediate	
   time	
   scale	
   in	
   the	
   microsecond	
   to	
   millisecond	
   range.	
  Therefore,	
  CCR5	
  stabilization	
  by	
   locking	
   it	
   in	
  a	
  single	
  conformation,	
  may	
  be	
  an	
   important	
  step	
  towards	
  the	
  improvement	
  of	
  the	
  NMR	
  spectra.	
  	
  Due	
  to	
  major	
  difficulties	
  in	
  sample	
  preparation	
  for	
  structural	
  studies,	
  protein	
  engineering	
  is	
  very	
  common	
  in	
  the	
  GPCR	
  field.	
  This	
  process	
  alters	
  the	
  protein	
  sequence	
  and	
  may	
  modify	
  its	
  native	
  properties,	
  but	
   so	
   far	
  has	
  been	
   indispensible	
   for	
  gaining	
   insights	
   into	
   the	
  structure	
  and	
  function	
  of	
  this	
  important	
  class	
  of	
  proteins.	
  Since	
  a	
  vast	
  majority	
  of	
  GPCR	
  structures	
  were	
  solved	
  by	
   X-­‐ray	
   crystallography,	
   not	
   surprisingly,	
   alterations	
   comprised	
   stabilization	
   (rigidification,	
  fixation	
   in	
   selected	
  conformations),	
   removal	
  of	
  unstructured	
  regions,	
   introduction	
  of	
  a	
   soluble	
  domain	
   into	
   a	
   loop,	
   etc.	
   NMR	
   spectroscopy	
   on	
   the	
   other	
   hand	
   requires	
   isotope	
   labeling.	
  However,	
  so	
  far	
  efficient	
  isotope	
  labeling	
  has	
  not	
  been	
  possible	
  for	
  insect	
  cells	
  or	
  natural	
  tissues	
  from	
  which	
  all	
  except	
  CXCR1	
  solved	
  GPCRs	
  were	
  derived.	
  Thus,	
  simple	
  prokaryotic	
  organisms,	
  like	
  E.	
  coli	
  are	
  often	
  the	
  system	
  of	
  choice	
  for	
  an	
  NMR	
  spectroscopist,	
  as	
  they	
  allow	
  cost-­‐effective	
  isotope	
   labeling	
   in	
  addition	
  to	
   fast	
  access	
   to	
  protein	
  engineering.	
  Due	
  to	
  the	
  size	
   limitations	
  of	
  NMR,	
   the	
   preparation	
   of	
   stable,	
   monomeric	
   and	
   non-­‐aggregating	
   GPCRs	
   is	
   vital.	
   Taking	
  advantage	
  of	
  E.	
  coli,	
  we	
  developed	
  an	
  efficient	
  and	
  robust	
  CCR5	
  expression	
  platform,	
  which	
  may	
  find	
  applications	
   in	
  biophysical,	
   functional	
   as	
  well	
   as	
   structural	
   characterizations	
  of	
  CCR5.	
  We	
  also	
  believe	
  that	
  many	
  of	
  our	
  observations	
  have	
  more	
  general	
  character	
  and	
  may	
  be	
  useful	
  and	
  applicable	
  for	
  other	
  GPCRs.	
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Text	
  S4.1:	
  DNA	
  sequence	
  of	
  pET28F10:	
  OmpF34-­CCR2b	
  
	
  
atggtgaagcgcaatattctggcagtgatcgtccctgctctgttagtagcaggtactgcaaacgctgcagaaatctataacaaagatggcaacaaagtagatcatatg
ctgtccacatctcgttctcggtttatcagaaataccaacgagagcggtgaagaagtcaccaccttttttgattatgattacggtgctccctgtcataaatttgacgtgaag
caaattggggcccaactcctgcctccgctctactcgctggtgttcatctttggttttgtgggcaacatgctggtcgtcctcatcttaataaactgcaaaaagctgaagtgc
ttgactgacatttacctgctcaacctggccatctctgatctgctttttcttattactctcccattgtgggctcactctgctgcaaatgagtgggtctttgggaatgcaatgtgc
aaattattcacagggctgtatcacatcggttattttggcggaatcttcttcatcatcctcctgacaatcgatagatacctggctattgtccatgctgtgtttgctttaaaagcc
aggacggtcacctttggggtggtgacaagtgtgatcacctggttggtggctgtgtttgcttctgtcccaggaatcatctttactaaatgccagaaagaagattctgtttat
gtctgtggcccttattttccacgaggatggaataatttccacacaataatgaggaacattttggggctggtcctgccgctgctcatcatggtcatctgctactcgggaatc
ctgaaaaccctgcttcggtgtcgaaacgagaagaagaggcatagggcagtgagagtcatcttcaccatcatgattgtttactttctcttctggactccctataatattgtc
attctcctgaacaccttccaggaattcttcggcctgagtaactgtgaaagcaccagtcaactggaccaagccacgcaggtgacagagactcttgggatgactcactg
ctgcatcaatcccatcatctatgccttcgttggggagaagttcagaaggtatctctcggtgttcttccgaaagcacatcaccaagcgcttctgcaaacaatgtccagtttt
ctacagggagacagtggatggagtgacttcaacaaacacgccttccactggggagcaggatgtctcggctgctttactcgagcaccaccaccaccaccactag 
	
  
Text	
  S4.2:	
  DNA	
  sequence	
  of	
  pET28F10:	
  OmpF34-­m7CCR5306	
  
	
  
Atggtgaagcgcaatattctggcagtgatcgtccctgctctgttagtagcaggtactgcaaacgctgcagaaatctataacaaagatggcaacaaagtagatcatat
ggattatcaggttagcagcccgatttatgatattaattattataccagcgaaccgtgccagaaaattaatgtgaaacaaattgcagcacgtctgctgcctccgctgtata
cctggtttttattttcggctttgtgggcaatatgctggttgttctgattctgattaatagcaaacgcctgaaaagcatgaccgatatttatctgctgaatctggcaattagcga
cctgttttttctgctgaccgttccgttttgggcacattatgcagcagcacagtgggattttggtaataccatgtgtcagctgctgaccggtctgtattttattggcttttttagc
ggcattttttttattattctgctgaccattgatcgttatctggcagttgttcatgcagtttttgcactgaaagcacgcaccgttacctttggtgttgttaccagcgctattacctg
ggttgttgccgtttttgcaagcctgcctggcattatttttacccgtagccagaaagaaggtctgcattatacctgtagcagccattttccgtatagccagtatcagttttgga
aaaattttcagaccctgaaaattgttattctgggtctggttctgccgctgctggttatggttattgcctatagcggcattctgaaaaccctgctgcgtagtcgcaatgaaaa
aaaacgtcatcgtgccgttcgtctgatttttaccattatgattgtgtattttctgttttgggcaccgtataatatcgttctgctgctgaatacctttcaggaattttttggcctgaa
taattgcagcagcagcaatcgtctggatcaggcaatgcaagttaccgaaaccctgggtatgacacatgctgccattaatccgattatttatgcgtttgtgggcgaaaaa
tttcgcaatctcgagcaccaccaccaccaccactag 
 
Text	
  S4.3:	
  DNA	
  sequence	
  of	
  pMT10H10:	
  Mistic-­CCR2b	
  
	
  
atgggcttttgtacattttttgaaaaacatcaccggaagtgggacatactgttagaaaaaagcacgggtgtgatggaagctatgaaagtgacgagtgaggaaaagga
acagctgagcacagcaatcgaccgaatgaatgaaggactggacgcgtttatccagctgtataatgaatcggaaattgatgaaccgcttattcagcttgatgatgatac
agccgagttaatgaagcaggcccgagatatgtacggccaggaaaagctaaatgagaaattaaatacaattattaaacagattttatccatctcagtatctgaagaagg
agaaaaagaaggttctggttctggtctggttccgcgtggatctcatatgctgtccacatctcgttctcggtttatcagaaataccaacgagagcggtgaagaagtcacc
accttttttgattatgattacggtgctccctgtcataaatttgacgtgaagcaaattggggcccaactcctgcctccgctctactcgctggtgttcatctttggttttgtgggc
aacatgctggtcgtcctcatcttaataaactgcaaaaagctgaagtgcttgactgacatttacctgctcaacctggccatctctgatctgctttttcttattactctcccattg
tgggctcactctgctgcaaatgagtgggtctttgggaatgcaatgtgcaaattattcacagggctgtatcacatcggttattttggcggaatcttcttcatcatcctcctga
caatcgatagatacctggctattgtccatgctgtgtttgctttaaaagccaggacggtcacctttggggtggtgacaagtgtgatcacctggttggtggctgtgtttgctt
ctgtcccaggaatcatctttactaaatgccagaaagaagattctgtttatgtctgtggcccttattttccacgaggatggaataatttccacacaataatgaggaacatttt
ggggctggtcctgccgctgctcatcatggtcatctgctactcgggaatcctgaaaaccctgcttcggtgtcgaaacgagaagaagaggcatagggcagtgagagtc
atcttcaccatcatgattgtttactttctcttctggactccctataatattgtcattctcctgaacaccttccaggaattcttcggcctgagtaactgtgaaagcaccagtcaa
ctggaccaagccacgcaggtgacagagactcttgggatgactcactgctgcatcaatcccatcatctatgccttcgttggggagaagttcagaaggtatctctcggtg
ttcttccgaaagcacatcaccaagcgcttctgcaaacaatgtccagttttctacagggagacagtggatggagtgacttcaacaaacacgccttccactggggagca
ggaagtctcggctggtttactcgagcaccatcaccaccatcaccaccatcaccactaa 
 
Text	
  S4.4:	
  DNA	
  sequence	
  of	
  pMT10H10:	
  Mistic-­m7CCR5306	
  
	
  
atgggcttttgtacattttttgaaaaacatcaccggaagtgggacatactgttagaaaaaagcacgggtgtgatggaagctatgaaagtgacgagtgaggaaaagga
acagctgagcacagcaatcgaccgaatgaatgaaggactggacgcgtttatccagctgtataatgaatcggaaattgatgaaccgcttattcagcttgatgatgatac
agccgagttaatgaagcaggcccgagatatgtacggccaggaaaagctaaatgagaaattaaatacaattattaaacagattttatccatctcagtatctgaagaagg
agaaaaagaaggttctggttctggtctggttccgcgtggatctcatatggattatcaggttagcagcccgatttatgatattaattattataccagcgaaccgtgccagaa
aattaatgtgaaacaaattgcagcacgtctgctgcctccgctgtatagcctggtttttattttcggctttgtgggcaatatgctggttgttctgattctgattaatagcaaacg
cctgaaaagcatgaccgatatttatctgctgaatctggcaattagcgacctgttttttctgctgaccgttccgttttgggcacattatgcagcagcacagtgggattttggt
aataccatgtgtcagctgctgaccggtctgtattttattggcttttttagcggcattttttttattattctgctgaccattgatcgttatctggcagttgttcatgcagtttttgcac
tgaaagcacgcaccgttacctttggtgttgttaccagcgctattacctgggttgttgccgtttttgcaagcctgcctggcattatttttacccgtagccagaaagaaggtct
gcattatacctgtagcagccattttccgtatagccagtatcagttttggaaaaattttcagaccctgaaaattgttattctgggtctggttctgccgctgctggttatggttatt
gcctatagcggcattctgaaaaccctgctgcgtagtcgcaatgaaaaaaaacgtcatcgtgccgttcgtctgatttttaccattatgattgtgtattttctgttttgggcacc
gtataatatcgttctgctgctgaatacctttcaggaattttttggcctgaataattgcagcagcagcaatcgtctggatcaggcaatgcaagttaccgaaaccctgggtat
gacacatgctgccattaatccgattatttatgcgtttgtgggcgaaaaatttcgcaatctcgagcaccatcaccaccatcaccaccatcaccactaa 
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Text	
  S4.5:	
  DNA	
  sequence	
  of	
  pET-­32b:	
  TrxA-­m7CCR5306	
  
	
  
atgagcgataaaattattcacctgactgacgacagttttgacacggatgtactcaaagcggacggggcgatcctcgtcgatttctgggcagagtggtgcggtccgtg
caaaatgatcgccccgattctggatgaaatcgctgacgaatatcagggcaaactgaccgttgcaaaactgaacatcgatcaaaaccctggcactgcgccgaaatat
ggcatccgtggtatcccgactctgctgctgttcaaaaacggtgaagtggcggcaaccaaagtgggtgcactgtctaaaggtcagttgaaagagttcctcgacgctaa
cctggccggttctggttctggccatctggtacctcgaggctcggggcccggctcaggttctggctcaatggattatcaggttagcagcccgatttatgatattaattatt
ataccagcgaaccgtgccagaaaattaatgtgaaacaaattgcagcacgtctgctgcctccgctgtatagcctggtttttattttcggctttgtgggcaatatgctggttg
ttctgattctgattaatagcaaacgcctgaaaagcatgaccgatatttatctgctgaatctggcaattagcgacctgttttttctgctgaccgttccgttttgggcacattatg
cagcagcacagtgggattttggtaataccatgtgtcagctgctgaccggtctgtattttattggcttttttagcggcattttttttattattctgctgaccattgatcgttatctg
gcagttgttcatgcagtttttgcactgaaagcacgcaccgttacctttggtgttgttaccagcgctattacctgggttgttgccgtttttgcaagcctgcctggcattattttt
acccgtagccagaaagaaggtctgcattatacctgtagcagccattttccgtatagccagtatcagttttggaaaaattttcagaccctgaaaattgttattctgggtctg
gttctgccgctgctggttatggttattgcctatagcggcattctgaaaaccctgctgcgtagtcgcaatgaaaaaaaacgtcatcgtgccgttcgtctgatttttaccatta
tgattgtgtattttctgttttgggcaccgtataatatcgttctgctgctgaatacctttcaggaattttttggcctgaataattgcagcagcagcaatcgtctggatcaggcaa
tgcaagttaccgaaaccctgggtatgacacatgctgccattaatccgattatttatgcgtttgtgggcgaaaaatttcgcaatctcgagcaccaccatcatcaccaccac
caccaccactga 
	
  
Text	
  S4.6:	
  DNA	
  sequence	
  of	
  pQE-­T7:	
  CCR5	
  
	
  
Atgaaacaccatcaccatcaccatatgaaacaggattatcaggttagcagcccgatttatgatattaattattataccagcgaaccgtgccagaaaattaatgtgaaac
aaattgcagcacgtctgctgcctccgctgtatagcctggtttttattttcggctttgtgggcaatatgctggttattctgattctgattaattgcaaacgcctgaaaagcatg
accgatatttatctgctgaatctggcaattagcgacctgttttttctgctgaccgttccgttttgggcacattatgcagcagcacagtgggattttggtaataccatgtgtca
gctgctgaccggtctgtattttattggcttttttagcggcattttttttattattctgctgaccattgatcgttatctggcagttgttcatgcagtttttgcactgaaagcacgcac
cgttacctttggtgttgttaccagcgttattacctgggttgttgccgtttttgcaagcctgcctggcattatttttacccgtagccagaaagaaggtctgcattatacctgtag
cagccattttccgtatagccagtatcagttttggaaaaattttcagaccctgaaaattgttattctgggtctggttctgccgctgctggttatggttatttgctatagcggcat
tctgaaaaccctgctgcgttgtcgcaatgaaaaaaaacgtcatcgtgccgttcgtctgatttttaccattatgattgtgtattttctgttttgggcaccgtataatatcgttctg
ctgctgaatacctttcaggaattttttggcctgaataattgcagcagcagcaatcgtctggatcaggcaatgcaagttaccgaaaccctgggtatgacacattgttgcat
taatccgattatttatgcgtttgtgggcgaaaaatttcgcaattatctgctggtgttttttcagaaacatattgccaaacgcttttgcaaatgttgcagcatttttcagcagga
agcaccggaacgcgcaagcagcgtttatacccgtagcaccggtgaacaggaaattagcgttggtctgtag 
 
Text	
  S4.7:	
  DNA	
  sequence	
  of	
  pGEV2:	
  GB1-­CCR5	
  
 
atgcagtacaagcttgctctgaacggtaaaaccctgaaaggtgaaaccaccaccgaagctgttgacgctgctaccgcggaaaaagttttcaaacagtacgctaacg
acaacggtgttgacggtgaatggacctacgacgacgctaccaaaaccttcacggtaaccgaactggttccgcgtggatccaccatggattatcaagtgtcaagtcca
atctatgacatcaattattatacatcggagccctgccaaaaaatcaatgtgaagcaaatcgcagcccgcctcctgcctccgctctactcactggtgttcatctttggttttg
tgggcaacatgctggtcatcctcatcctgataaactgcaaaaggctgaagagcatgactgacatctacctgctcaacctggccatctctgacctgtttttccttcttactg
tccccttctgggctcactatgctgccgcccagtgggactttggaaatacaatgtgtcaactcttgacagggctctattttataggcttcttctctggaatcttcttcatcatc
ctcctgacaatcgataggtacctggctgtcgtccatgctgtgtttgctttaaaagccaggacggtcacctttggggtggtgacaagtgtgatcacttgggtggtggctgt
gtttgcgtctctcccaggaatcatctttaccagatctcaaaaagaaggtcttcattacacctgcagctctcattttccatacagtcagtatcaattctggaagaatttccaga
cattaaagatagtcatcttggggctggtcctgccgctgcttgtcatggtcatctgctactcgggaatcctaaaaactctgcttcggtgtcgaaatgagaagaagaggca
cagggctgtgaggcttatcttcaccatcatgattgtttattttctcttctgggctccctacaacattgtccttctcctgaacaccttccaggaattctttggcctgaataattgc
agtagctctaacaggttggaccaagctatgcaggtgacagagactcttgggatgacgcactgctgcatcaaccccatcatctatgcctttgtcggggagaagttcag
aaactacctcttagtcttcttccaaaagcacattgccaaacgcttctgcaaatgctgttctattttccagcaagaggctcccgagcgagcaagctcagtttacacccgat
ccactggggagcaggaaatatctgtgggcttgcaccatcaccatcaccatcaccattga 
 
Text	
  S4.8:	
  DNA	
  sequence	
  of	
  pET-­22b:	
  CCR5 
 
atgaaatacctgctgccgaccgctgctgctggtctgctgctcctcgctgcccagccggcgatggccatggatatcggaattaattcggatccaatggattatcaagtg
tcaagtccaatctatgacatcaattattatacatcggagccctgccaaaaaatcaatgtgaagcaaatcgcagcccgcctcctgcctccgctctactcactggtgttcat
ctttggttttgtgggcaacatgctggtcatcctcatcctgataaactgcaaaaggctgaagagcatgactgacatctacctgctcaacctggccatctctgacctgttttt
ccttcttactgtccccttctgggctcactatgctgccgcccagtgggactttggaaatacaatgtgtcaactcttgacagggctctattttataggcttcttctctggaatctt
cttcatcatcctcctgacaatcgataggtacctggctgtcgtccatgctgtgtttgctttaaaagccaggacggtcacctttggggtggtgacaagtgtgatcacttgggt
ggtggctgtgtttgcgtctctcccaggaatcatctttaccagatctcaaaaagaaggtcttcattacacctgcagctctcattttccatacagtcagtatcaattctggaag
aatttccagacattaaagatagtcatcttggggctggtcctgccgctgcttgtcatggtcatctgctactcgggaatcctaaaaactctgcttcggtgtcgaaatgagaa
gaagaggcacagggctgtgaggcttatcttcaccatcatgattgtttattttctcttctgggctccctacaacattgtccttctcctgaacaccttccaggaattctttggcc
tgaataattgcagtagctctaacaggttggaccaagctatgcaggtgacagagactcttgggatgacgcactgctgcatcaaccccatcatctatgcctttgtcgggg
agaagttcagaaactacctcttagtcttcttccaaaagcacattgccaaacgcttctgcaaatgctgttctattttccagcaagaggctcccgagcgagcaagctcagtt
tacacccgatccactggggagcaggaaatatctgtgggcttgcaccatcaccatcaccatcaccattga 
	
   Chapter	
  4	
  –	
  Characterization	
  of	
  CCR5	
   	
  	
  
	
   83	
  
Text	
  S4.9:	
  DNA	
  sequence	
  of	
  pCA528:	
  SUMO-­m7CCR5306 
 
atgggtcatcaccatcatcaccatggttcggactcagaagtcaatcaagaagctaagccagaggtcaagccagaagtcaagcctgagactcacatcaatttaaaggt
gtccgatggatcttcagagatcttcttcaagatcaaaaagaccactcctttaagaaggctgatggaagcgttcgctaaaagacagggtaaggaaatggactccttaag
attcttgtacgacggtattagaattcaagctgatcagacccctgaagatttggacatggaggataacgatattattgaggctcacagagaacagattggtgggagacc
ggatccgatggattatcaggttagcagcccgatttatgatattaattattataccagcgaaccgtgccagaaaattaatgtgaaacaaattgcagcacgtctgctgcctc
cgctgtatagcctggtttttattttcggctttgtgggcaatatgctggttgttctgattctgattaatagcaaacgcctgaaaagcatgaccgatatttatctgctgaatctgg
caattagcgacctgttttttctgctgaccgttccgttttgggcacattatgcagcagcacagtgggattttggtaataccatgtgtcagctgctgaccggtctgtattttatt
ggcttttttagcggcattttttttattattctgctgaccattgatcgttatctggcagttgttcatgcagtttttgcactgaaagcacgcaccgttacctttggtgttgttaccag
cgctattacctgggttgttgccgtttttgcaagcctgcctggcattatttttacccgtagccagaaagaaggtctgcattatacctgtagcagccattttccgtatagccag
tatcagttttggaaaaattttcagaccctgaaaattgttattctgggtctggttctgccgctgctggttatggttattgcctatagcggcattctgaaaaccctgctgcgtagt
cgcaatgaaaaaaaacgtcatcgtgccgttcgtctgatttttaccattatgattgtgtattttctgttttgggcaccgtataatatcgttctgctgctgaatacctttcaggaat
tttttggcctgaataattgcagcagcagcaatcgtctggatcaggcaatgcaagttaccgaaaccctgggtatgacacatgctgccattaatccgattatttatgcgtttg
tgggcgaaaaatttcgcaatctcgagcaccaccatcatcaccaccaccaccaccactga 
 
Text	
  S4.10:	
  DNA	
  sequence	
  of	
  pET-­41a:	
  GST-­m7CCR5306 
 
atgtcccctatactaggttattggaaaattaagggccttgtgcaacccactcgacttcttttggaatatcttgaagaaaaatatgaagagcatttgtatgagcgcgatgaa
ggtgataaatggcgaaacaaaaagtttgaattgggtttggagtttcccaatcttccttattatattgatggtgatgttaaattaacacagtctatggccatcatacgttatata
gctgacaagcacaacatgttgggtggttgtccaaaagagcgtgcagagatttcaatgcttgaaggagcggttttggatattagatacggtgtttcgagaattgcatata
gtaaagactttgaaactctcaaagttgattttcttagcaagctacctgaaatgctgaaaatgttcgaagatcgtttatgtcataaaacatatttaaatggtgatcatgtaacc
catcctgacttcatgttgtatgacgctcttgatgttgttttatacatggacccaatgtgcctggatgcgttcccaaaattagtttgttttaaaaaacgtattgaagctatccca
caaattgataagtacttgaaatccagcaagtatatagcatggcctttgcagggctggcaagccacgtttggtggtggcgaccatcctccaaaatcggatggttcaact
agtatggattatcaggttagcagcccgatttatgatattaattattataccagcgaaccgtgccagaaaattaatgtgaaacaaattgcagcacgtctgctgcctccgct
gtatagcctggtttttattttcggctttgtgggcaatatgctggttgttctgattctgattaatagcaaacgcctgaaaagcatgaccgatatttatctgctgaatctggcaat
tagcgacctgttttttctgctgaccgttccgttttgggcacattatgcagcagcacagtgggattttggtaataccatgtgtcagctgctgaccggtctgtattttattggctt
ttttagcggcattttttttattattctgctgaccattgatcgttatctggcagttgttcatgcagtttttgcactgaaagcacgcaccgttacctttggtgttgttaccagcgctat
tacctgggttgttgccgtttttgcaagcctgcctggcattatttttacccgtagccagaaagaaggtctgcattatacctgtagcagccattttccgtatagccagtatcag
ttttggaaaaattttcagaccctgaaaattgttattctgggtctggttctgccgctgctggttatggttattgcctatagcggcattctgaaaaccctgctgcgtagtcgcaa
tgaaaaaaaacgtcatcgtgccgttcgtctgatttttaccattatgattgtgtattttctgttttgggcaccgtataatatcgttctgctgctgaatacctttcaggaattttttgg
cctgaataattgcagcagcagcaatcgtctggatcaggcaatgcaagttaccgaaaccctgggtatgacacatgctgccattaatccgattatttatgcgtttgtgggc
gaaaaatttcgcaatctcgagcaccaccatcatcaccaccaccaccaccactaa 
 
 
Text	
  S4.11:	
  The	
  exact	
  composition	
  of	
  m9	
  medium	
  used	
  in	
  this	
  study 
 To	
  make	
  1L	
  of	
  M9	
  medium	
  mix:	
  -­‐	
  851	
  mL	
  autoclaved	
  ddH2O,	
  -­‐	
  0.1	
  mL	
  0.22	
  μm-­‐filtered	
  1	
  M	
  CaCl2,	
  -­‐	
  2mL	
  0.22	
  μm-­‐filtered	
  1	
  M	
  MgSO4,	
  -­‐	
  10	
  mL	
  0.22	
  μm-­‐filtered	
  Hutner’s	
  trace	
  elements,	
  -­‐	
  3	
  mL	
  0.22	
  μm-­‐filtered	
  10	
  mg/mL	
  thiamine	
  hydrochloride,	
  -­‐	
  4	
  mL	
  0.22	
  μm-­‐filtered	
  0.25	
  mg/mL	
  biotin,	
  -­‐	
  20	
  mL	
  0.22	
  μm-­‐filtered	
  20%	
  glucose,	
  -­‐	
  10	
  mL	
  0.22	
  μm-­‐filtered	
  10%	
  NH4Cl	
  pH	
  7.4,	
  -­‐	
  100	
  mL	
  0.22	
  μm-­‐filtered	
  10	
  x	
  M9	
  salts	
  (67.8	
  g	
  Na2HPO4,	
  30	
  g	
  KH2PO4,	
  5	
  g	
  NaCl,	
  pH	
  7.4).	
  	
  To	
  prepare	
  200	
  mL	
  of	
  100	
  x	
  Hutner’s	
  trace	
  elements	
  use	
  the	
  procedure	
  below:	
  	
  1.	
  Dissolve	
  1	
  g	
  FeSO4	
  and	
  10	
  g	
  EDTA	
  in	
  80	
  mL	
  of	
  ddH2O.	
  Adjust	
  pH.	
  A	
  golden	
  yellow	
  solution	
  	
  	
  	
  	
  	
  results	
  above	
  around	
  pH	
  5.5	
  and	
  this	
  is	
  sufficient	
  to	
  proceed.	
  2.	
  Dissolve	
  the	
  listed	
  salts	
  in	
  80	
  mL	
  of	
  ddH2O:	
  -­‐	
  4.4	
  g	
  ZnSO4	
  ·	
  7H2O,	
  -­‐	
  2.2	
  g	
  H3BO3,	
  -­‐	
  1	
  g	
  MnCl2	
  ·	
  4H2O,	
  -­‐	
  0.32	
  g	
  CoCl2	
  ·	
  6H2O,	
  -­‐	
  0.235	
  g	
  CuCl2	
  ·	
  2	
  H2O,	
  -­‐	
  0.22	
  g	
  (NH4)6MO7O24	
  ·	
  4H2O.	
  3.	
  Combine	
  solutions	
  1	
  and	
  2	
  and	
  adjust	
  pH	
  to	
  6.9	
  using	
  KOH	
  and	
  bring	
  volume	
  to	
  200	
  mL.	
  	
  	
  	
  	
  Solution	
  is	
  bright	
  green.	
  4.	
  Filter	
  through	
  0.22	
  μm	
  and	
  store	
  at	
  4°C.	
  Solution	
  turns	
  purple.	
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Figure	
  S4.1	
   Identity	
  confirmation	
  of	
  TrxA-­m7CCR5306	
  and	
  Mistic-­m7CCR5306	
  by	
  mass	
  spectrometry.	
  (a)	
  Monomer	
  and	
  dimer	
  (TrxA-­‐m7CCR5306)	
  or	
  monomer	
  and	
  trimer	
  (Mistic-­‐m7CCR5306)	
  CCR5	
  bands	
  (red	
  rounded	
  rectangles)	
  were	
   excised	
   from	
  SDS-­‐PAGE	
  gel	
   stained	
  with	
  Colloidal	
  Blue	
  Stain	
  Kit	
   (Novex)	
   and	
  digested	
  with	
  trypsin	
  prior	
  to	
  mass	
  spectrometry	
  analysis.	
  (b)	
  Identified	
  peptide	
  fragments	
  of	
  the	
  analyzed	
  fusion	
  constructs	
  were	
  marked	
  in	
  bold.	
  Individual	
  components	
  of	
  the	
  fusion	
  constructs	
  (fusion	
  partner,	
  linker,	
  cleavage	
  site,	
  CCR5	
  sequence,	
  His-­‐tag)	
  were	
  marked	
  with	
  colors.	
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Figure	
  S4.2	
  Effect	
  of	
  β-­‐mercaptoethanol	
  (BME)	
  on	
  the	
  oligomeric	
  state	
  of	
  TrxA-­‐m7CCR5306	
  
	
  	
  	
  	
  	
  
Figure	
  S4.3	
  Heat	
  denaturation	
  of	
  TrxA-­m7CCR5306	
  measured	
  using	
  CD.	
  (a)	
  200-­‐250	
  nm	
  CD	
  spectra	
  of	
  TrxA-­‐m7CCR5306	
   at	
   series	
   of	
   temperatures	
   in	
   the	
   range	
   of	
   5-­‐95°C.	
   Heat	
   irreversibly	
   changes	
   the	
   shape	
   and	
   the	
  amplitude	
  of	
   the	
  spectrum.	
  (b)	
  Plot	
  of	
  mean	
  residue	
  molar	
  ellipticity	
  at	
  222	
  nm	
  versus	
   temperature	
  shows	
  a	
  broad	
  transition.	
  
 
	
  	
  	
  	
  	
  
Figure	
  S4.4	
  Thioredoxin	
  removal	
  from	
  the	
  N-­‐terminus	
  of	
  m11CCR5306	
  immobilized	
  on	
  the	
  sensor	
  chip	
  (~3400	
  RU)	
  as	
  monitored	
  by	
  the	
  decay	
  of	
  the	
  SPR	
  signal.	
  The	
  arrows	
  indicate	
  the	
  beginning	
  and	
  the	
  end	
  of	
  the	
  thrombin	
  injection.	
  When	
   the	
   refractive	
   signal	
   of	
   the	
   deposited	
   CCR5	
  micelles	
   is	
   taken	
   as	
   a	
   reference,	
   the	
   decrease	
   of	
  ~260	
   RU	
   corresponds	
   to	
   about	
   70	
   %	
   cleavage	
   efficiency	
   assuming	
   a	
   molecular	
   weight	
   of	
   100	
   kDa	
   for	
   the	
  m11CCR5306	
  micelle	
  and	
  of	
  12	
  kDa	
  for	
  thioredoxin.	
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Figure	
  S4.5	
   HSQC	
   spectra	
   of	
   112	
   μM	
   monomeric	
   2H/15N-­‐labeled	
   m11CCR5306	
   at	
   various	
   buffer	
   conditions	
  (listed	
  in	
  the	
  insets).	
  At	
  180	
  mM	
  NaCl	
  a	
  pH	
  change	
  from	
  7.4	
  (a)	
  to	
  5.8	
  (b)	
  and	
  4.2	
  (c)	
  leads	
  to	
  the	
  appearance	
  of	
  additional	
   resonances.	
   An	
   increase	
   in	
   sensitivity	
   is	
   achieved	
   by	
   the	
   removal	
   of	
   180	
   mM	
   NaCl	
   without	
   a	
  significant	
  change	
  in	
  spectral	
  dispersion	
  (d).	
  The	
  spectra	
  were	
  recorded	
  at	
  20	
  °C	
  on	
  a	
  800	
  MHz	
  spectrometer	
  equipped	
  with	
  a	
  cryoprobe.	
  Typical	
  experimental	
  times	
  were	
  ~6	
  hours.	
  
 
	
  	
  	
  	
  	
  
Table	
  S4.1	
  Comparison	
  of	
  the	
  binding	
  parameters	
  of	
  RANTES,	
  MIP-­‐1β	
  and	
  2D7	
  to	
  m11CCR5306	
  expressed	
  in	
  E.	
  
coli	
  (blue)	
  and	
  to	
  the	
  wild	
  type	
  CCR5	
  expressed	
  in	
  Sf21	
  (green)	
  obtained	
  by	
  SPR.	
  	
  
Ligand	
   MW	
  [kDa]	
   Conc.	
  [nM]	
   kon	
  [M-­‐1s-­‐1]	
   koff	
  [s-­‐1]	
   KD	
  [nM]	
   Rmax	
  [RU]	
   Rmax/	
  R	
  (CCR5)	
  	
   	
   	
   	
   	
   	
   	
   	
  
2D7	
   150	
   5	
   45000	
   0.00013	
   2.8	
   17.57	
   0.00861	
  
RANTES	
   8	
   36	
   140000	
   0.00042	
   3.1	
   8.73	
   0.00428	
  
MIP-­1β	
   8	
   1000	
   5000	
   0.00035	
   71	
   5.48	
   0.00269	
  	
   	
   	
   	
   	
   	
   	
   	
  
2D7	
   150	
   5	
   500000	
   0.00005	
   0.1	
   640	
   0.128	
  
RANTES	
   8	
   36	
   100000	
   0.00030	
   2.6	
   60	
   0.012	
  
MIP-­1β	
   8	
   1000	
   1200	
   0.00024	
   200	
   29	
   0.0058	
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5.1	
  The	
  secondary	
  citrate/Na+	
  symporter	
  CitS	
  	
  The	
  contribution	
  of	
  secondary	
  active	
  transporters	
  in	
  numerous	
  essential	
  physiological	
  processes	
  makes	
  these	
  biomolecular	
  machines	
  highly	
  interesting	
  targets	
  for	
  structural	
  studies.	
  Any	
  kind	
  of	
  structural	
   information	
   is	
   expected	
   to	
   significantly	
   extend	
   the	
   understanding	
   of	
   their	
   versatile	
  functionality,	
   which	
   in	
   turn	
   may	
   support	
   the	
   prospective	
   design	
   of	
   pharmaceuticals	
   against	
  various	
  diseases[1,2].	
  The	
  major	
   part	
   of	
   this	
   PhD	
   thesis	
  was	
   dedicated	
   to	
   structural	
   studies	
   on	
   the	
   secondary	
  citrate/Na+	
  symporter	
  CitS	
  from	
  the	
  bacterium	
  Klebsiella	
  pneumoniae.	
  As	
  the	
  best-­‐characterized	
  2-­‐hydroxycarboxylate	
   transporter	
   within	
   structural	
   class	
   ST[3]	
   of	
   the	
   MemGen	
   classification	
  system,	
  CitS	
  was	
  predicted	
  to	
  represent	
  a	
  novel	
  structural	
  fold	
  for	
  secondary	
  transporters[3,4].	
  As	
  a	
  complementary	
  technique	
  to	
  ongoing	
  x-­‐ray	
  crystallographic	
  studies	
  at	
  the	
  University	
  of	
  Zürich,	
  we	
  chose	
  electron	
  crystallography	
  of	
  membrane-­‐embedded	
  two-­‐dimensional	
  crystals.	
  The	
   presented	
   studies	
   on	
   CitS	
   well	
   emphasized	
   both,	
   the	
   strengths	
   and	
   bottlenecks	
   of	
  electron	
   crystallography	
   of	
  membrane	
   proteins.	
  Within	
   a	
   relative	
   short	
   period	
   of	
   six	
  months,	
  highly	
  ordered	
  2D	
  crystals	
  were	
  obtained.	
  However,	
  crystallization	
  was	
  only	
  achieved	
  within	
  a	
  very	
   narrow	
   range	
   of	
   conditions	
   (especially	
   pH,	
   lipid	
   chemistry	
   and	
   lipid-­‐protein	
   ratio).	
   This	
  required	
  the	
  screening	
  of	
  hundreds	
  of	
  different	
  crystallization	
  conditions	
  using	
  a	
  total	
  of	
  70	
  mg	
  of	
   purified	
   CitS.	
   Fortunately,	
   due	
   to	
   very	
   high	
   expression	
   levels	
   of	
   CitS	
   in	
   E.	
   coli	
   and	
   a	
   well	
  established	
  purification	
  protocol,	
   this	
   huge	
   amount	
   of	
   pure	
   protein	
  was	
   available[5].	
   The	
  most	
  tedious	
   part	
   of	
   the	
   electron	
   crystallographic	
   workflow	
   on	
   CitS	
   was	
   found	
   to	
   be	
   the	
   sample	
  preparation	
  for	
  cryo-­‐EM	
  analysis.	
  Surprisingly,	
  the	
  most	
  common	
  protocols	
  of	
  sugar	
  embedding	
  (trehalose,	
  glucose	
  and	
  tannic	
  acid	
  at	
  various	
  concentrations[6])	
  only	
  led	
  to	
  unusable	
  results.	
  As	
  a	
  novel	
  method,	
  CitS	
  2D	
  crystals	
  were	
  plunge	
  frozen	
  in	
  liquid	
  ethane	
  in	
  the	
  absence	
  of	
  any	
  cryo-­‐protectants.	
  A	
  crucial	
  washing	
  step	
  in	
  low	
  salt	
  buffer	
  prior	
  to	
  freezing	
  additionally	
  emphasized	
  the	
   unusual	
   high	
   sensitivity	
   of	
   CitS	
   crystals	
   for	
   its	
   physico-­‐chemical	
   environment.	
   Subsequent	
  imaging	
   by	
   low-­‐dose	
   imaging	
   techniques	
   provided	
   a	
   convenient	
   and	
   straightforward	
   process.	
  However,	
   the	
  microscopes	
  used	
  during	
   this	
   thesis	
  were	
  not	
  yet	
  equipped	
  with	
   state-­‐of-­‐the-­‐art	
  direct	
   electron	
   detectors,	
   but	
   with	
   CMOS	
   cameras	
   exhibiting	
   less	
   efficient	
   optical	
   transfer	
  functions.	
  Therefore,	
  data	
  collection	
  was	
  performed	
  on	
  photographic	
  film,	
  a	
  time	
  and	
  resource-­‐consuming	
  step	
  that	
  is	
  expected	
  to	
  be	
  significantly	
  improved	
  by	
  future	
  hardware	
  developments.	
  During	
  the	
  acquisition	
  of	
  images	
  from	
  tilted	
  specimen	
  in	
  the	
  microscope,	
  beam	
  induced	
  sample	
  drift	
   emerged	
   as	
  main	
   bottleneck[7].	
   This	
   well-­‐known	
   phenomenon	
   required	
   the	
   recording	
   of	
  several	
  hundreds	
  of	
  images,	
  especially	
  at	
  tilt	
  angles	
  >30	
  degree,	
  to	
  end	
  up	
  with	
  79	
  images	
  in	
  the	
  final	
  dataset.	
  Recent	
  and	
  ongoing	
  developments	
   in	
  electron	
  crystallographic	
   image	
  processing,	
  especially	
   in	
   the	
  2dx	
   software	
  package	
  enabled	
  a	
  very	
   fast	
  and	
  reliable	
  extraction	
  of	
  structural	
  information	
  from	
  acquired	
  cryo-­‐electron	
  micrographs.	
  	
  The	
  electron	
  crystallography	
  pipeline	
   then	
   finally	
  provided	
  substantial	
  new	
   insights	
   into	
  the	
  structure	
  and	
  function	
  of	
  CitS	
  that	
  were	
  inaccessible	
  by	
  all	
  other	
  techniques	
  applied	
  prior	
  to	
  this	
   thesis,	
   including	
   extensive	
   biochemical	
   experimentation[8],	
   single-­‐molecule	
   fluorescence	
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spectroscopy[9],	
  single	
  particle	
  EM[10]	
  and	
  x-­‐ray	
  crystallography	
  (personal	
  communication).	
  In	
  a	
  first	
  step,	
  we	
  determined	
  the	
  projection	
  structure	
  of	
  the	
  symporter	
  embedded	
  in	
  a	
  lipid	
  bilayer,	
  which	
  enabled	
  us	
  to	
  develop	
  detailed	
  models	
  concerning	
  the	
  monomer-­‐monomer	
  interface	
  and	
  domain	
   organization	
   of	
   dimeric	
   CitS[11].	
   The	
   models	
   presented	
   in	
   this	
   first	
   step	
   were	
   then	
  complemented	
   by	
   the	
   very	
   first	
   3D	
   data	
   of	
   CitS	
   and	
   2-­‐HCTs	
   in	
   general.	
   Our	
   study	
   then	
   well	
  demonstrated	
  the	
  need	
  and	
  impact	
  of	
  3D	
  information,	
  since	
  our	
  initial	
  2D	
  models	
  of	
  CitS	
  could	
  be	
  significantly	
   improved	
  and	
  refined.	
  Our	
   investigations	
  on	
  substrate	
   induced	
  conformational	
  changes	
   powerfully	
   demonstrated	
   the	
   accessibility	
   of	
   membrane	
   proteins	
   in	
   2D	
   crystals,	
  compared	
  to	
  3D	
  crystals.	
  One	
   goal	
   of	
   this	
   study	
   was	
   to	
   use	
   the	
   obtained	
   3D	
   map	
   of	
   CitS	
   as	
   search	
   model	
   for	
  molecular	
  replacement	
  to	
  solve	
  the	
  atomic	
  structure	
  using	
  the	
  existing	
  x-­‐ray	
  diffraction	
  dataset.	
  This	
   complex	
   and	
   tedious	
   procedure	
   was	
   still	
   in	
   progress,	
   when	
   this	
   thesis	
   was	
   finished.	
   A	
  further	
  optimization	
  of	
   the	
  CitS	
   crystal	
   size	
   (>	
  1µm)	
  would	
   facilitate	
   its	
   structural	
   analysis	
   by	
  electron	
  diffraction.	
  The	
  expected	
  improvement	
  in	
  both,	
  the	
  resolution	
  and	
  completeness	
  of	
  the	
  data	
  would	
  further	
  alleviate	
  the	
  structure	
  determination	
  to	
  atomic	
  resolution.	
  	
  The	
  3D	
  structure	
  determination	
  of	
  membrane	
  proteins	
  by	
  electron	
  crystallography	
  mainly	
  suffers	
  from	
  (1)	
  charge	
  induced	
  drift	
  of	
  tilted	
  samples	
  during	
  image	
  acquisition[7],	
  (2)	
  unevenly	
  adsorbed	
   crystals	
   and	
   (3)	
   tilt-­‐limited	
   data	
   completeness	
   referred	
   to	
   as	
   ‘missing	
   cone’[12].	
  Fortunately,	
   several	
   hard-­‐	
   and	
   software	
   developments	
   are	
   in	
   progress	
   that	
   should	
   overcome	
  these	
   limitations	
   in	
   prospective	
   studies.	
   In	
   this	
   context,	
   the	
   obtained	
   3D	
   dataset	
   of	
   CitS	
   has	
  served	
  as	
  model	
  record	
  for	
  an	
  innovative	
  software	
  solution	
  that	
  treats	
  single	
  unit	
  cells	
  or	
  even	
  single	
  molecules	
  within	
   a	
  2D	
   crystal	
   as	
   single	
  particles.	
   Each	
  of	
   these	
   is	
   then	
   corrected	
   for	
   its	
  own	
   tilt	
   geometry	
   variation	
   within	
   the	
   crystal.	
   This	
   is	
   expected	
   to	
   significantly	
   improve	
   the	
  resolution	
  and	
  completeness	
  of	
  a	
  3D	
  dataset.	
  Recently,	
  a	
  further	
  project	
  was	
  initiated	
  where	
  CitS	
  2D	
   crystals	
   are	
   imaged	
  with	
   a	
   novel	
   dose-­‐fractionation	
  procedure	
   in	
   the	
   electron	
  microscope.	
  Thereby,	
  the	
  usual	
  electron	
  dose	
  of	
  one	
  image	
  (~10	
  e-­‐/Å2)	
  is	
  split	
  into	
  5-­‐10	
  subsequent	
  images,	
  each	
  with	
   an	
   extremely	
   low	
   dose	
   of	
   1-­‐2	
   e-­‐/Å2.	
   Computational	
   alignment	
   of	
   these	
   then	
  would	
  effectively	
   eliminate	
   drift	
   induced	
   data	
   loss[7].	
   During	
   the	
   analysis	
   of	
   substrate	
   induced	
  conformational	
   changes	
   of	
   CitS,	
   the	
   dataset	
   was	
   additionally	
   used	
   to	
   develop	
   the	
   novel	
  procedure	
  of	
  calculating	
  difference	
  maps	
  as	
  described	
  in	
  chapter	
  3.	
  All	
  three	
  described	
  software	
  developments	
  already	
  showed	
  promising	
  results	
  and	
  are	
  expected	
  to	
  be	
  refined	
  and	
  finalized	
  in	
  the	
  near	
  future.	
  The	
   lack	
  of	
  hydrophilic	
   interfaces	
   in	
  membrane	
  proteins	
  often	
   impedes	
   the	
   formation	
  of	
  intermolecular	
   contacts	
   in	
  3D	
  crystals,	
  which	
   is	
  one	
  major	
  hurdle	
   in	
  obtaining	
  well	
  diffracting	
  3D	
  crystals.	
  This	
  can	
  be	
  significantly	
  improved	
  by	
  co-­‐crystallization	
  with	
  specific	
  soluble	
  binding	
  proteins	
   such	
   as	
   antibodies,	
   antibody	
   fragments	
   and	
   designed	
   ankyrin	
   repeat	
   proteins	
  (DARPINs)[13,14].	
   For	
   CitS,	
   a	
   highly	
   specific	
  DARPIN	
  was	
   developed	
   at	
   the	
  University	
   of	
   Zürich	
  
[5,15].	
  The	
  knowledge	
  of	
  the	
  molecular	
  and	
  structural	
  details	
  of	
  this	
  protein-­‐protein	
  interaction	
  is	
  expected	
   to	
   considerably	
   support	
   ongoing	
   x-­‐ray	
   crystallographic	
   studies	
   on	
   CitS.	
   Therefore,	
   a	
  sub-­‐project	
  has	
  already	
  been	
  initiated	
  that	
  aims	
  to	
  identify	
  the	
  binding	
  interface	
  of	
  CitS	
  and	
  its	
  DARPIN,	
   again	
   by	
   electron	
   crystallography.	
   Based	
   on	
   promising	
   initial	
   results,	
   we	
   expect	
   to	
  identify	
  the	
  interface	
  in	
  the	
  near	
  future.	
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5.2	
  The	
  G	
  protein-­coupled	
  receptor	
  CCR5	
  	
  Despite	
   their	
   importance	
   in	
   a	
   huge	
   variety	
   of	
   physiological	
   processes	
   and	
  pharmaceutical	
  developments,	
   structural	
   studies	
   on	
   GPCRs	
   still	
   remain	
   tedious.	
   This	
  mainly	
   results	
   from	
  relatively	
   low	
   expression	
   levels	
   and	
   the	
   highly	
   flexible	
   character	
   of	
   this	
   class	
   of	
   integral	
  membrane	
  proteins[16].	
  Therefore,	
  the	
  study	
  presented	
  in	
  chapter	
  4	
  introduced	
  a	
  novel	
  high-­‐titer	
  expression	
  platform	
  for	
  CCR5	
  derived	
  from	
  E.	
  coli.	
  	
  As	
  part	
  of	
  this	
  thesis,	
  negative	
  stain	
  transmission	
  electron	
  microscopy	
  was	
  frequently	
  used	
   to	
   assess	
   the	
   overall	
   homogeneity	
   of	
   CCR5	
   protein	
   preparations.	
   This	
   included	
   the	
  screening	
   of	
   several	
   protein	
   constructs	
   and	
   detergent	
   systems	
   and	
   well	
   supported	
   the	
  identification	
  of	
   the	
  most	
  promising	
  preparation	
  conditions,	
   as	
  presented	
  here.	
  The	
  direct	
  microscopic	
  visualization	
  of	
  single	
  protein	
  particles	
  again	
  proofed	
  to	
  be	
  well	
  complementary	
  to	
  standard	
  techniques	
  such	
  as	
  SDS-­‐PAGE	
  and	
  size-­‐exclusion	
  chromatography.	
  Additional	
  experiments	
  not	
  shown	
  in	
  this	
  thesis	
   include	
  reconstitution	
  trials	
  of	
  CCR5	
  into	
  lipid	
  bilayers,	
  including	
  liposomes,	
  2D	
  crystals	
  and	
  lipidic	
  nanodiscs[17].	
  This	
  is	
  expected	
  to	
   propel	
   its	
   structure	
   determination	
   using	
   different	
   crystallographic	
   and/or	
   NMR	
  techniques[18].	
  However,	
  so	
  far	
  no	
  reconstitution	
  could	
  be	
  achieved	
  and	
  further	
  optimization	
  is	
  still	
  required.	
  Thereby,	
  EM	
  could	
  again	
  serve	
  as	
   ideal	
  technique,	
  e.g.	
  by	
  the	
  visualization	
  and	
  identification	
  of	
  specifically	
  gold	
  labeled	
  CCR5	
  in	
  lipid	
  bilayers	
  via	
   its	
  histidine	
  affinity	
  tag	
  [19].	
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  2-­‐hydroxycarboxylate	
  transporter	
  
ABC	
   	
   	
  ATP	
  binding	
  casette	
  
ADP/ATP	
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  structural	
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  Tris	
  buffered	
  saline	
  with	
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  transporter	
  classification	
  
TCEP	
   	
   	
  Tris(2-­‐chlorethyl)phosphat	
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  transmission	
  electron	
  microscopy	
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  transmembrane	
  segment	
  
v/v	
   	
   	
  volume	
  by	
  volume	
  
WT	
   	
   	
  wild-­‐type	
  
w/v	
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  by	
  volume	
  
w/w	
   	
   	
  weight	
  by	
  weight	
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  x-­‐ray	
  diffraction	
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